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SUMMARY 
 
Ionomers, one of the many important classes of functional polymers, are able to 
undergo phase separation either in solution or in the solid state. This unique property 
facilitates the formation of a continuous hydrophilic network for ionic transport in 
ionomer membranes and is the basis for the design of polymer electrolyte membranes 
(PEMs). Many of the PEMs in use today for fuel cells are based on the 
perfluorosulfonate polymers, as exemplified by the highly successful commercial 
ionomer Nafion
®
. Despite their popularity in hydrogen fuel cells, Nafion
® 
membranes 
are expensive and weak against alcohol permeation, rendering them less suitable for 
the direct alcohol fuel cells (DAFCs). Such material issues prompted the development 
of lower cost alcohol resistant alternative ionomers with the desired properties for 
DAFC applications (high proton conductivity, low alcohol crossover, and good 
mechanical properties). Among them the aliphatic ionomers are low cost and can be 
designed to bear organic functional groups that are not solvated by alcohol molecules 
and hence contribute to alcohol-blocking properties. This is also the approach taken 
by this PhD thesis study which focused on the design and synthesis of two forms of 
aliphatic ionomers and investigated the properties of the membranes fabricated from 
them. Two different ionomer structures, namely random and block ionomers 
consisting of hydrophobic acrylic; and hydrophobic and hydrophilic acrylate 
repeating units, were   synthesized by free radical polymerization (FRP) and atom 
transfer radical polymerization (ATRP) respectively. In-situ cross-linking was also 
used to inhibit alcohol permeation and to strengthen the membrane structure.    
 
    viii 
The first half of this PhD thesis (Chapters 3 and 4) concerned the development 
of alcohol-tolerant PEMs for room-temperature DAFCs (especially the direct ethanol 
fuel cells, or DEFCs) based on aliphatic random ionomers synthesized by simple and 
scalable methodologies. Chapter 3 introduces the design for two such PEMs: (1) 
ternary poly(acrylonitrile-co-glycidyl methacrylate-co-sulfopropyl methacrylate) 
P(AN-co-GMA-co-SPM) random ionomers and (2) quaternary poly(acrylonitrile-co-
glycidyl methacrylate-co-sulfopropyl methacrylate-co-tetrafluoro propyl 
methacrylate) P(AN-co-GMA-co-SPM-co-TFPM) random ionomers; and a fairly 
comprehensive characterization of their PEM properties. It was found empirically that 
the incorporation of a strongly hydrophobic 2,2,3,3-tetrafluoropropyl methacrylate 
(TFPM) component in the ionomer design could suppress early phase separation in 
the solution polymerization. The resulting quaternary ionomers therefore acquired 
higher proton conductivity not at the expense of the alcohol resistance of the ternary 
ionomers. Accordingly, the discussion in Chapter 3 is focused on the contributions of 
the ionic (SPM) and hydrophobic (TFPM) repeating units to the membrane properties. 
For a better understanding of the origin of the benevolent effect of hydrophobic 
modifier (TFPM) addition, the structures of the tertiary and quaternary random 
ionomers in solution, especially their phase separation characteristics, were examined 
in significant details. It was found that the ionic clustering of the SPM units, which 
caused the early phase separation problem in the synthesis of the ternary ionomers, 
was subdued in the presence of the hydrophobic modifier. These findings form the 
bulk of Chapter 4. 
 
The second half of this PhD study (Chapters 5 and 6) was dedicated to the 
development of aliphatic block ionomer membrane systems. Chapter 5 describes a 
    ix 
new concept in the PEM design to address some of the property trade-off issues in 
aliphatic PEMs; such as the inverse relationship between proton conductivity and 
mechanical strength in random ionomer membranes. A series of poly(acrylonitrile-co-
glycidyl methacrylate)-b-sulfopropyl methacrylate, P(AN-co-GMA)-b-SPM, diblock 
ionomers was synthesized by a one-pot ATRP technique. These ionomers were 
designed to be hydrophobic-dominant, and hence the hydrophobic (AN-co-GMA) 
copolymer blocks were longer than the ionic (SPM) blocks. The diblock ionomers 
were then cross-linked by ethylene diamine to form hydrophilic covalently cross-
linked networks. The combination of an ordered ionomer structure and hydrophilic 
covalently cross-linked networks enabled free-standing membranes with high proton 
conductivity (~0.06 S/cm) to be made with less influence of the trade-off between 
proton conductivity and mechanical strength. This significant improvement can be 
attributed to the formation of connected primary and secondary hydrophilic networks 
in the ionomer membranes. The synthesis method and the phase separation behavior 
of these diblock ionomers in solution, which can be used to infer the characteristics of 
the ionomers in the solid state of a PEM, are discussed in Chapter 6.   
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1.1 Problem Statement 
 
Over the last few decades, the direct alcohol fuel cells (DAFCs) such as direct 
methanol fuel cells (DMFCs) and direct ethanol fuel cells (DEFCs) have been 
promoted as alternatives to rechargeable batteries for powering portable electronic 
products and mobile devices (Aricò et al., 2001; Song et al., 2006). The most salient 
advantages of these small fuel cells are their ease of use, high energy density, and 
short recharge time. However, DAFCs cannot be successfully commercialized unless 
some of the technical challenges affecting the fuel cell performance and fuel cell cost 
are satisfactorily resolved (Shuqin et al., 2007). The development of cost-effective 
high-performance membrane electrode assembly (MEA), a key DAFC component, is 
one of them. 
 
 A MEA is composed of a polymer electrolyte membrane (PEM) sandwiched 
between two electrodes loaded with the anode and cathode catalysts respectively. The 
membrane plays the important roles of a separator, a proton conductor but an electron 
insulator, and an alcohol barrier. A good PEM must meet a number of application 
requirements, including (1) a sufficiently high proton conductivity, (2) low fuel (i.e.  
methanol or ethanol) permeability, (3) good mechanical properties in both dry and 
hydrated states, (4) cost-effectiveness, and (5) capability for fabrication into MEAs 
(Hickner et al., 2004). Most (if not all) of the PEMs in use today are designed for the 
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hydrogen fuel cells (PEMFCs) and are perfluorosulfonate ionomers marketed under 






, and 3P 
(Neburchilov et al., 2007). These membranes offer high proton conductivity in the 
hydrated state and good chemical and mechanical stability. Nafion
®
 membranes, 
which has the largest market share, are however very expensive because of the high 
cost of ionomer synthesis and membrane production (Dunwoody et al., 2006). They 
are also weak against alcohol permeation (Shuqin et al., 2007; Song et al., 2005), 
especially at high alcohol concentrations. The high crossover rate is due to the strong 
acidity of the sulfonic acid (a super acid) groups in the perfluorosulfonate matrix, 
which swells the ionic clusters, allowing the alcohol molecules to diffuse easily 
(alongside the water molecules) through the hydrophilic channels (Saito et al., 2006; 
Wojciech et al., 1992). 
 
These challenges have prompted many efforts to develop alternative PEMs that 
retain the positive features of Nafion
®
 membranes without their high cost and weak 
alcohol resistance. One of the approaches is to use non-fluorinated hydrocarbon 
ionomers to
 
reduce cost. In fact, the abolition of fluorocarbon membranes is one of the 
2010 DOE (USA) goals targeting at membrane cost reduction (Garland, 2008). In 
general cost and performance are mutually compensational: improvements in 
membrane performance through elegance in ionomer design (e.g. using exotic, and 
therefore expensive functional groups) (Kim et al., 2008a; Norsten et al., 2006) or 
membrane structures (e.g. pore-filling membrane) (Yamaguchi et al., 2007) are 
achieved at the expense of increased production cost. On the other hand, membranes 
which are prepared from low-cost polymers often show unimpressive fuel cell 
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performance (Lee et al., 2008). Thus, the search for high-performance PEMs that can 
be prepared relatively simply and from low-cost raw materials continues. 
 
Among many of the proposed alternatives to the Nafion
®
 membranes, the 
membranes made of different aromatic ionomers are the most promising for high 
temperature DAFCs. This is because the large dispersion forces between the aromatic 
rings result in strong affinity between the polymer chains and give rise to more 
cohesive membrane matrixes. A number of sulfonated aromatic ionomers such as 
sulfonated poly(arylene ether)s (Kim et al., 2008a), sulfonated poly(ether ether 
ketone)s (SPEEK) (Xue et al., 2010), sulfonated poly(arylene ether sulfone)s 
(Harrison et al., 2005), and sulfonated poly(phenylene oxide)s (SPPO) (Fu et al., 
2008b) have therefore been investigated in great detail. However, DAFCs operating at 
lower temperatures do not require exceptional thermal stability and aromatic ionomers 
are an expensive solution because of the cost involved in the synthesis of the specialty 
monomers and their polymers. 
 
By comparison acid-functionalized aliphatic ionomers can be made more 
economically from low-cost commodity chemicals such as poly(styrene)s (PS), 
poly(vinyl alcohol)s (PVA) and poly(acrylonitrile)s (PAN) (Pivovar et al., 1999). 
They also possess the necessary properties for room temperature operations such as 
low alcohol crossover and adequate proton conductivity. However, the known trade-
off between proton conductivity and mechanical properties is more acute for this class 
of ionomers: An increase in proton conductivity is often accomplished at the expense 
of mechanical strength because aliphatic hydrocarbons have weaker bonds. There 
have been attempts to mitigate the trade-off using proton-conducting cross-linking 
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(Rhim et al., 2004; Tsai et al., 2010) or acid-functionalized ordered (i.e., block, graft) 
ionomers (Lee et al., 2008; Tsang et al., 2007). Although these studies have shown 
some promising results, there are concerns about the reliability and durability of these 
membranes in real fuel cells (e.g. DMFCs). For example, the use of sulfosuccinic acid 
(SA) cross-linking in aliphatic proton-conducting PEMs s susceptible to hydrolysis of 
the ester cross-links by acidic moieties in the fuel cell; leading to the rapid ageing of 
the fuel cell. 
 
1.2 Objective and Scope of Thesis 
 
A facile ionomer synthesis and an effective membrane design are essential to the 
development of cost-effective high-performance PEMs. The efforts so far have 
primarily focused on the modification of commercial perfluorosulfonate membranes 
(i.e. Nafion
®
) and the use of aromatic ionomers. The resulting PEMs are suited for 
DAFCs operating at medium temperatures (80-120 ºC). However, the high cost of 
these PEMs does not justify their deployment in portable DAFCs which operate at 
room temperature. Cost reduction can in principle be achieved by replacing the 
aromatic ionomers with aliphatic ionomers. However, previous efforts on the 
preparation of aliphatic-based PEMs for room temperature DAFCs have not shown 
the desired performance in single cell tests. The main objective of this PhD study is 
therefore to improve the design of aliphatic-based PEMs for room temperature DAFC 
applications. In this study, two different ionomer systems, namely random and block 
aliphatic ionomers, were synthesized by simple radical polymerization techniques 
using inexpensive monomers such as acrylonitrile (AN), glycidyl methacrylate 
(GMA), 2,2,3,3-tetrafluoropropyl methacrylate (TFPM), and an ionic acrylate 
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monomer, potassium 3-sulfopropyl methacrylate (SPM). The scope of this thesis 
study includes the following: 
 
(a) Design and Synthesis of New Alcohol-Resistant Alternative PEMs based on 
Aliphatic Random Ionomers 
 
New aliphatic random ionomers consisting of hydrophobic (AN-GMA) and 
ionic (SPM) units were synthesized by a simple solution polymerization method and 
cast into freestanding membranes. The PEM design was predicated based on the low 
solubility of acrylic polymers in alcohol solutions and the use of an essentially PAN 
backbone to provide a flexible and yet structurally strong membrane framework. In-
situ cross-linking is an important feature of the design which was used to strengthen 
the membrane mechanical properties. Interestingly, the induction of a strongly 
hydrophobic component, TFPM, into the ternary polymer design formed a quaternary 
random ionomer system which could better mitigate the trade-off between 
conductivity and mechanical properties. The benefits of the TFPM modification on 
PEM properties were investigated through a series of microstructure characterizations. 
 
(b) Structural Characterizations of Random Aliphatic Ionomers and 
Investigations of the Effects of Hydrophobic Functional Groups on Phase 
Separation in Solution 
 
The inclusion of hydrophobic TFPM in the random ionomer design also averted 
an early phase separation problem which is common in the free-radical solution 
polymerization involving an ionic monomer such as SPM. The phase separation of the 
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random ionomers in solution was studied to provide the basis for understanding the 
beneficial roles of hydrophobic TFPM. Spectroscopic, reduced-viscosity, zeta-
potential, and light-scattering measurements with different SPM and TFPM contents 
were used to characterize the random ionomers and to deduce the origin of the 
benevolent effects of TFPM modification. 
 
(c) Development of New PEMs based on Aliphatic Block Ionomers and 
Hydrophilic Covalent Cross-links 
 
The design of low-cost aliphatic ionomers membranes must successfully address 
the trade-off between proton conductivity and mechanical strength. In this part of the 
study, a new approach which combines an ordered polymer chain structure (diblock 
ionomers) with hydrophilic covalent cross-linking was used to mitigate the trade-off. 
It was found that the ordered chain structure of block ionomers facilitated the 
formation of a well-connected primary hydrophilic network in the polymer matrix, 
and the hydrophilic covalent cross-linking established secondary waterways within 
the hydrophobic domains. The formation of these hydrophilic secondary channels 
expanded the connectivity of the primary hydrophilic channels and consequently 
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(d) Investigations of a One-pot ATRP Method and the Phase Separation of 
Aliphatic Block Ionomers in Solution 
 
The synthesis of the aliphatic diblock ionomers in (c) was based on a one-pot 
ATRP method in a dual-solvent system to circumvent the miscibility problem of 
hydrophobic and ionic monomers due to the lack of a good common solvent. The last 
part of this thesis study examined the details of the one-pot synthesis and the 
structures of the diblock ionomers. Structural characterizations of the ionomers by 
Fourier-transform-infrared (FT-IR) spectroscopy, transmission electron microscopy 
(TEM) and zeta-potential and light-scattering measurements were used to investigate 
the phase separation of the diblock ionomers and its dependence on the polymer 
structure. 
 
1.3 Organization of Thesis 
 
This PhD dissertation contains seven chapters. Chapter 1 (this chapter) outlines 
the motivations behind this thesis project, defines the scope of work and introduces 
the organization of the thesis topics. Chapter 2 attempts a concise literature review of 
ionomers for DAFC applications; including their synthesis and structural properties. 
The synthesis, solution behavior, and PEM properties of aliphatic random-ionomer 
membranes are presented in Chapter 3 and Chapter 4. Chapter 5 and Chapter 6 are 
devoted to the synthesis, solution behavior, PEM properties, and the DAFC 
performance of the aliphatic block-ionomer membranes. Chapter 7 is the conclusion 








2.1 Scope of the Review 
 
Ionomers containing hydrophilic ionic units amidst a hydrophobic-dominant 
backbone are the primary ingredient of PEMs for fuel cells. This chapter attempts a 
concise review of ionomers for the PEM application and is divided into two sections. 
The first half introduces the technical background of DAFCs including MEA and the 
current research trends in PEM development. The literature survey will focus on 
perfluorosulfonate membranes such as Nafion
®
 and their modifications; as well as 
hydrocarbon membranes based on aromatic and aliphatic ionomers. The second half 
of this chapter looks at the ionomers for PEM applications in greater detail, in 
particular the synthesis and phase separation of random and blocks ionomers in 
solution and in the solid state. It is noteworthy to mention that phase separation is the 
basis for PEM formation and it determines the functional properties of PEMs. 
 
2.2 Ionomers for DAFC Applications 
2.2.1 DAFCs 
 
Fuel cells (FCs) provide an alternative and theoretically more efficient way of 
utilizing the fossil fuels because the “combustion” of fuels can occur at a much lower 
temperature. While hydrogen fuel cells are best known to the public today, it is the 
liquid fuel cells that have the greatest application potential. The most usable liquid 
Chapter 2 
 9 
fuels today are alcohols such as methanol and ethanol. Fuel cells which can utilize 
these alcoholic fuels directly without converting the alcohols to hydrogen are called 
the DAFCs. The DMFCs and DEFCs are typical examples. In DAFCs, the chemical 
energy in the alcohol molecules is converted into electrical energy by the redox 
reactions occurring at the anode and cathode, which are separated by a PEM, also 
known as a proton exchange membrane. The membrane should also support proton 
transport within the cell. Figure 2.1 illustrates a typical DAFC using methanol as the 
fuel (DMFC). 
 
Figure 2.1 Schematics of a DMFC (Kleiner, 2006). 
 
 
The main issues with DAFCs are catalyst activity and fuel crossover through the 
PEM (Song et al., 2006; Thomas, 2000). The activation of alcohol molecules (in 
particular ethanol) is a difficult process, requiring catalysts with higher activities than 
those typically used in the hydrogen fuel cells (Antolini, 2007; Bai et al., 2005; Mann 
et al., 2006; Vigier et al., 2006; Wang et al., 2007). The situation exacerbates at room 
temperatures where the DAFCs are intended to be used. Incomplete electro-oxidation 
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of alcohol is therefore common at the anode (Lamy et al., 2001). The accumulation of 
unreacted alcohol molecules at the anode creates the driving force for alcohol to 
diffuse through the PEM (Ren et al., 2000b). The crossover fuel interferes with the 
catalytic reduction of oxygen at the cathode, resulting in a lower fuel cell voltage and 
the reduction of fuel cell efficiency (Gurau et al., 2002; Qi et al., 2002; Song et al., 
2005). The good miscibility of alcohols with water also increases the likelihood of 
alcohol permeation through the hydrophilic channels of the membrane (Ren et al., 
2000a; Saito et al., 2006). For DAFC applications, a PEM should therefore have low 
alcohol permeability; in addition to other functional requirements such as high proton 
conductivity and sufficient mechanical strength for MEA fabrication (Hickner et al., 
2004; Hickner et al., 2005; Neburchilov et al., 2007).  
 
2.2.2 Membrane Electrode Assembly (MEA) 
 
 In fuel cells, the two catalyst-loaded facing electrodes (cathode and anode) are 
fused with an intervening PEM to form a MEA. The performance of the fuel cell then 
depends on the quality of the integration. MEAs have traditionally been developed 
around the Nafion
®
 membranes using Nafion
®
 binder in the electrodes to keep 
material incompatibility issues to a minimum. The substitution of Nafion
®
 membranes 
by hydrocarbon-based PEMs for MEA fabrication introduces potential interfacial 
compatibility issues, although some recently developed hydrocarbon ionomers could 
also function as a binder in certain cases (Muldoon et al., 2009). In MEA fabrication, 
good interfacial adhesion between PEM and the catalyst-coated electrodes is essential 
to establishing the triple-phase boundary for reactions where the ionomer chains, 
catalyst particles, and fuel molecules are in close contact. The quality of the adhesion 
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between the three functional layers (anode, PEM, cathode) also determines the 
durability of the fuel cell.  
  
 There are two common methods for MEA fabrication: the catalyst-coated 
substrate (CCS) method and the catalyst-coated membrane (CCM) method (Cho et al., 
2009). In the CCS method, two gas diffusion layers (GDLs) which are made from 
carbon paper, cloth or felt are coated with the anode and cathode catalysts 
respectively; and hot-pressed with a PEM. In the CCM method, the opposite sides of a 
PEM are coated with the anode and cathode catalysts respectively and then hot-
pressed with the GDLs (Qian et al., 2006). Figure 2.2 is a summary of these two 
common MEA fabrication methods.  
 
 




 The CCS method has traditionally been the more popular of the two and is used 
in the fabrication of Nafion
®
- and many alternative PEM-based MEAs. A non-
Nafion
®
 PEM often experiences interfacial degradation or delamination, especially 
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after prolonged operations because of the incompatibility between Nafion
®
 (which is 
used in the catalyst system) and the PEM material. The interfacial degradation is 
caused by differences in physicochemical properties resulting in different dimensional 
swelling ratios between the non-Nafion
®
 PEM and the Nafion
®
 binder (Liang et al., 
2006). This is often displayed as a gradual increase of the fuel cell resistance with 
time. For example, severe delamination was detected in the MEA at the alternative 
PEM-electrode interface after operating a DMFC for 75 hours (Liu et al., 2004). This 
is a problem that has to be addressed before any alternative PEM, no matter how good 
its properties are on its own, may eventually be used in DAFCs.  
 
Beside these methods, MEAs (membrane-electrode assemblies) could also be 
prepared by using decal process (Wycisk et al., 2006). In this method, firstly a slurry 
containing specific content of catalyst (either anode or cathode catalysts) and 20 wt. 
% Nafion solution was coated by doctor-blade on polymer substrates. Then, the 
catalyst layer was transferred to the membranes by pressing at 100-140 °C. The 
advantage of this decal method is that the catalyst loading could be controlled for both 
anodes and cathodes. 
 
2.2.3 Ionomers for Polymer Electrolyte Membranes (PEMs) 
 
While there has been much progress in the past decades on DAFC development, 
there are still significant technology gaps between the current state of development 
and commercialization. One of them concerns the availability of ionomers suitable as 
PEM materials (Heitner-Wirguin, 1996; Rikukawa et al., 2000; Steele et al., 2001; 
Wycisk et al., 1996). Of the many ionomeric membranes on the market today, 
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duPont‟s Nafion® membranes are the most extensively used (especially in hydrogen 
fuel cells) (Yoshitake et al., 2008). However, Nafion
®
 has low resistance to alcohol 
permeation and as such is not as appropriate for the DAFCs. In addition Nafion
®
 
membranes are also costly (US$ 600 – 1200/m2 depending on the thickness) 
(Neburchilov et al., 2007). Hence thicker Nafion
® 
membranes which have to be used 
to increase the alcohol resistance can significantly weigh up the cost of DAFCs.  
 
The limitations of Nafion
®
 membranes prompted the search for alternative 
PEMs for DAFC which could provide acceptable proton conductivity (> 10 mS.cm
-1
), 






), and able to form MEA at a lower 
cost than Nafion
®
 (Neburchilov et al., 2007). The advances in polymer science and 
technology in the past decades have brought forth several strategies which can retain 
many of the essential features of Nafion
®
 (especially its high proton conductivity) 
without its major deficiency. These strategies are classified by the PEM structure as 




 membranes, (iii) non-
fluorinated hydrocarbon-based membranes, and (iv) fluorinated hydrocarbon-based 
membranes (Deluca et al., 2006; Jagur-Grodzinski, 2007; Neburchilov et al., 2007). 
The following sections will review the current progress in perfluorosulfonate ionomer 
membranes (Nafion
® 









 membranes are still currently the most widely used PEMs for DAFCs. 
High proton conductivity, excellent chemical and mechanical stability, and assurance 
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of good compatibility with the catalyst-coated electrodes (which are prepared by a 
Nafion
®
-containing formulation) are unmatched by other commercial ionomer 
membranes and most of the proposed alternatives. The high proton conductivity and 
exceptional mechanical properties of Nafion
®
 membranes are consequential upon the 
surfactant-like chain structure of Nafion
®
, where perfluoroether side chains ending in 
sulfonic acid groups (SO3H
-
) are grafted onto a perfluorocarbon backbone at nearly 
regular intervals (Yeager et al., 1982). The surfactant-like chain structure results in a 
unique phase separation (Mauritz et al., 2004) which imparts the membrane with the 
observed mechanical properties. The phase separation is caused by the association of 
the hydrophilic pendant sulfonic acid groups which also leads to the formation of 






Figure 2.3 Chemical Structure of Nafion
®
 (Reprinted with 
permission from Hickner, M. A. et al. (2004). Chemical Reviews, 
104(10), 4587-4611). Copyright (2004) American Chemical Society. 
 
 
There have been many studies on the Nafion
®
 membrane morphology aiming at 
understanding the effects of ionomer organization on proton transport. Among the 
many hypotheses, the „cluster-network‟ model provides a simple and yet effective 
description of the structure-property relationship in Nafion
®
 membranes (Hsu et al., 
1983). According to this model, a water-swollen Nafion
®
 consists of spherical ionic 
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clusters interconnected by narrow hydrophilic channels, as illustrated in Figure 2.4. 
Depending on the water content, the passage of protons in these hydrophilic channels 
can occur by means of the Grotthuss (hopping) mechanism or by the vehicle 
mechanism (Zawodzinski et al., 1991). In the Grotthuss mechanism, water molecules 
are stationary near the ionic sites (sulfonic acid groups) while protons hop from one 
water molecule to another through fast hydrogen-bond forming and breaking 
processes with bulk water molecules. This is the dominant proton transport 
mechanism at high water content. On the other hand, at low water content, the 
transport of protons is mainly determined by the vehicle mechanism, where protons 





(Pivovar et al., 1999). 
 
 
Figure 2.4  Cluster-network model for the morphology of hydrated 
Nafion
® 
(Hsu et al., 1983). Reprinted with permission from Mauritz, 
K. A. et al. (2004). Chemical Reviews, 104(10), 4535-4586. Copyright 
(2004) American Chemical Society. 
 
 
The structural difference between Nafion
®
 and typical alternative hydrocarbon-
based membranes such as SPEEK has been discussed in detail (Kreuer, 2001). It was 
postulated that ionicity and the distribution of the ionic sites result in different ionic 





, the SPEEK membrane has a lower extent of phase 
separation and the hydrophilic channels are narrower, highly branched with lots of 
dead-ends. The difference may be traced to a less hydrophobic backbone, less acidic 
sulfonic acid side groups, and a relatively inflexible aromatic polymer backbone in 
SPEEK. Such understanding of the effects of polymer structure can be used as the 
general guideline in the design of new ionomers for PEM with the desired properties. 
The different domain structures in these PEMs (Gebel, 2000), which are illustrated in 




Figure 2.5 Schematic representation of the domain structures of 
Nafion
® 




The excellent transport properties of Nafion
®
 over most hydrocarbon-based 
PEMs unfortunately brought about a high rate of alcohol crossover through the 
membrane, which is the major technological barrier in the commercialization of 
DAFCs (Ling et al., 2004). Historically, most of research works on reducing the 
methanol diffusion in Nafion
® 
were based on Nafion
® 
modifications (Heinzel et al., 
1999). For example, the methanol blocking property of Nafion
® 
membranes could be 
improved by coating Nafion
®
 with thin methanol barrier layers (Shao et al., 2002; 
Yang et al., 2004a). The addition of small inorganic particles (e.g. silicon dioxide 
(SiO2), titanium dioxide (TiO2), zirconium phosphate (ZrP)) into Nafion
®
 to partially 
block the hydrophilic channels is another common approach (Li et al., 2003; Sahu et 
al., 2009; Staiti et al., 2001). Interestingly the inorganic particles were initially used to 
mitigate the low humidity problem in the high temperature operation of PEMFCs, but 
were found serendipitously to be an effective additive to reduce the methanol 
permeability in DMFC as well. Yet another approach is to blend Nafion
® 
with other 
polymers, such as poly(vinylidine fluoride) (PVDF) and polybenzimidazole (PBI); 
where improved methanol resistance was also reported (Lin et al., 2006; Wycisk et 
al., 2006). A simple strategy by uniaxially stretching recast Nafion
®
 membranes also 
looks promising (Lin et al., 2007). Although the efficacy of these modification 
methods has been ascertained in many studies, the cost of Nafion
® 
and environmental 
issues associated with the synthesis, use and disposal of fluoropolymers still remain. 
Firstly, the cost of the modified Nafion
®
 membranes will be higher because of the 
added cost of the modification process. Secondly, there are environmental issues 
involved in the synthesis of Nafion
®
 resins and the decomposition of Nafion
®
 
resulting in the release of hydrofluoric acid under fuel cell operating conditions. 
Furthermore, many of the modifications to reduce methanol permeability also led to 
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some reduction in proton conductivity (Honma et al., 2003; Ladewig et al., 2007; 
Sacca et al., 2005). 
 
2.2.3.2 Hydrocarbon Membranes    
 




 modifications are common to other 
perfluorosulfonate ionomer membranes; and prompted the search for alternatives 
based on hydrocarbon ionomers (Bose et al., 2011). The following account will focus 
on non-fluorinated aliphatic ionomers which have the potential of being both low cost 
and environmentally more acceptable. The aromatic ionomer PEMs will only be 
briefly mentioned since they are not the primary interest of this study. The ionic sites 
in many of the hydrocarbon-based PEMs are either sulfonic acid (-SO3H), phosphonic 
acid (-PO(OH)2) or carboxylic acid (-COOH) functional groups (Rusanov et al., 2008; 
Yang et al., 2008b). For the aromatic PEMs, a number of sulfonated ionomers such as 
SPEEK (Xue et al., 2010), SPPO (Fu et al., 2008b), SPBI (Tan et al., 2010a; Tan et 
al., 2010b), sulfonated polyimide (SPI) (Marestin et al., 2008; Woo et al., 2003), have 
been found suitable for a variety of fuel cells operating at medium-to-high 
temperatures (above 80 ºC; including DAFCs). More complex polymer structures and 
membrane architectures have also been explored including semi-interpenetrating 
polymer networks (Chikh et al., 2011), comb-shaped PEMs (Kim et al., 2008a), pore-
filling membranes (Yamaguchi et al., 2007), partially-filled proton-conducting 
channels (Yameen et al., 2008), and nanofiber networks (Choi et al., 2008). However, 
aromatic ionomers are generally expensive because of the shortage and high cost of 
the acid-functionalized monomers and a more complex synthesis process. Maier et al. 
(Maier et al., 2008), Neburchilov et al. (Neburchilov et al., 2007), Jagur-Grodzinski et 
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al. (Jagur-Grodzinski, 2007), Hickner et al. (Hickner et al., 2004a; Hickner et al., 
2005), Borup (Borup et al., 2007) et al., Anne-Claire (Anne-Claire, 2011) and 
Harrison et al. (Harrison et al., 2005) have summarized these efforts in their highly 
cited review articles.  
 
Alternative PEMs which are based on sulfonated aliphatic ionomers such as PS 
(Rubatat et al., 2008), PAN (Lim et al., 2007) and PVA (Fu et al., 2008a) generally do 
not perform as well as the aromatic PEMs at higher temperatures (above 80 ºC). They 
are, however, suitable for room temperature DAFCs where thermal stability is not a 
critical requirement. The aliphatic ionomers are more cost-effective than the aromatic 
ionomers because of lower cost and more accessible raw materials.  
 
The poorer PEM performance of many of the hydrocarbon ionomer membranes 
may be attributed to a random polymer structure where a good control of the polymer 
architecture and membrane structure is lacking (Harrison et al., 2005; Hickner et al., 
2005). This has motivated the search for a more organized polymer structure for the 
PEM design (Yang et al., 2005). It has been reported that a significant increase in the 
membrane proton conductivity could be accomplished with a more ordered polymer 
structure such as diblock ionomers (Meier-Haack et al., 2005), multi-block ionomers 
(Higashihara et al., 2009), graft ionomers (Ding et al., 2002b) and ionomers with  





Figure 2.6 Ordered configuration of aliphatic ionomer commonly 
used for PEMs 
 
For example, a diblock ionomer consisting of poly(styrene sulfonic acid) 
(PSSA) and rubbery poly(dimethylsiloxane) (PDMS) has been evaluated as a PEM 
for  DMFCs (Lee et al., 2008). It was found that the (PSSA-b-PDMS) membrane with 
a sulfonation degree of 38% could deliver a proton conductivity of 0.08 S/cm (25 ºC) 
which is as good as the performance of Nafion
®
 115. However, the hydrophobic-
hydrophilic phase separation in the ionomer was too excessive in this case resulting in 
high liquid uptake and membrane swelling; and consequently a weak membrane 
structure (Figure 2.7). 
 
 
Figure 2.7  Proton conductivity of the (PSSA-b-PDMS) membrane 
as a function of sulfonation degree (A). DMFC performance 
benchmarked against a Nafion
®




The use of ordered ionomer structures has also been pursued by the Holdcroft 
group to produce PEMs with high proton conductivity (Chuy et al., 2003; Ding et al., 
2001, 2002a; Tsang et al., 2007). They concluded that an ordered polymer structure 
promotes the formation of a continuous network of hydrophilic channels where proton 
transport occurs. The network is formed by the phase separation between hydrophobic 
domains and hydrophilic sulfonated segments of an amphiphilic Nafion
®
-like 
structure. However, poor mechanical properties of these membranes in the hydrated 
state and the trade-off between conductivity and mechanical strength are some of the 
unresolved issues in these membranes.   
 
The merit of an ordered ionomer structure over random ionomer structure in 
increasing  proton conductivity has also been demonstrated in a series of styrene-




) ionic sites, including 
poly(styrene-b-styrenesulfonic acid) (Cho et al., 2006), sulfonated poly(ethylene-b-
propylene) (S-EP) (Mani et al., 1999), sulfonated-poly(ethylene-b-propylene-b-
styrene) (S-EPS) (Mani et al., 1999), sulfonated poly(styrene-b-isobutylene-b-styrene) 
(S-SIS) (Elabd et al., 2003; Elabd et al., 2004), sulfonated poly(styrene-b-ethylene-r-
butylene-b-styrene) (S-SEBS) (Kim et al., 2005), sulfonated poly(styrene-b-
isobutylene-b-styrene) (S-SIBS) (Elabd et al., 2006), and sulfonated hydrogenated 
poly(styrene-b-butadiene) (S-HSB) (Serpico et al., 2002). While these aliphatic 
ionomer membranes have shown improvements in proton conductivity, they still 
swell excessively in the hydrated state resulting in poor mechanical properties. The 
trade-off between proton conductivity and mechanical strength seems to be a 




The development of aliphatic ionomer membranes with high proton conductivity 
not at the expense of other PEM properties, such as alcohol permeability and 
mechanical properties, are therefore a significant challenge. The trade-off between 
proton conductivity and mechanical properties can be understood as follows: 
mechanical properties are determined by the hydrophobic domains in the membrane 
which are formed by polymer chain entanglement; whereas proton conductivity 
depends on the hydrophilic domains (Yang et al., 2005). Unless the hydrophobic 
domains have very strong intrinsic strength, the occurrence of hydrophobic-
hydrophilic phase separation (which is essential for creating the water channels for 
proton conduction) would weaken the membrane framework, causing excessive 
swelling and the loss of membrane mechanical integrity. The common 
countermeasure is to use covalent cross-linking to strengthen the membrane structure 
at the expense of some loss of proton conductivity (Kerres, 2005). The use of ionic 
cross-linkers such as SA is an interesting approach as in principle it can improve 
mechanical strength without the loss of proton conductivity (Do Kyoung et al., 2008; 
Rhim et al., 2004). 
 
The design concept and experimental results are shown in Figure 2.8. It was 
realized that cross-linking between the hydrophobic blocks is the foundation for 
countering the phase separation of diblock ionomers during membrane formation. 
Hence a stronger ionomer membrane can perceivably be formed by using an all-
hydrophobic polymer backbone and proton-conducting cross-linkers to substitute for 
the function of the hydrophilic blocks (i.e. forming the hydrophilic channels in the 




) in the cross-links from the 
esterification reaction between the –OH groups of poly(hydroxyethyl methacrylate) 
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(PHEMA) and the –COOH groups of SA is a potential liability; in view of the 
hydrolyzability of the ester groups in prolonged fuel cell operations  (Kerres, 2005). 
Other than these reports, we are not aware of other synthesis strategies that have been 
used to address the property trade-off problem in aliphatic PEMs. 
 
 
Figure 2.8 A PEM design based on ionic cross-linking of aliphatic 
diblock ionomers (A), and its proton conductivity as a function of the 
weight fraction of SA (B) (Do Kyoung et al., 2008). 
 
 
The use of ordered polymer structures in aliphatic block ionomers has shown 
some promises but it is not totally free from the trade-off effect. Indeed, the 
improvement in proton conductivity is sometimes accompanied by the loss of not only 
the mechanical strength, but also alcohol (i.e. ethanol, methanol) resistance. The 
composition-property relationships for these ionomer membranes are also less studied 
because these materials are only in relatively early stages of development. The next 
section will review the general understandings on the structure, synthesis, and 
properties of ionomers which should provide some guidance in the design and 




2.3 Ionomers: Synthesis, Structure, and Properties 
 
Ionomers are polymers which contain both ionizable (ionic) repeating units and 
hydrophobic repeating units. The ionic content is often relatively low (less than 15 
mole %) and the ionic units are dispersed in the hydrophobic polymer backbone 
according to some specific arrangements (Eisenberg et al., 1990). The arrangements 
can be linear (as random, alternating, or block copolymers) or branched (graft and star 
polymers) (Tant et al., 1988). The self-aggregation of the ionic groups leads to phase 
separation and the formation of a wide variety of structures and morphologies, and 
hence unique and functional properties (Lantman et al., 1989). For instance, for the 
diblock ionomer shown in Figure 2.9, the relative sizes of the insoluble (M1) and 
soluble (M2) blocks of ionomers in a selective solvent determines the assembly 
geometry, and hence the final structure of the aggregates (Smart et al., 2008). One 
common approach to predict the aggregate formation of a diblock ionomer is by 
determining the critical packing parameter (p), which is the ratio between the 
effective volumes of M1and M2, i.e. p = m1/m2. 
 
Figure 2.9 shows the typical aggregates formed from ionomers at different 
values in a selective solvent. The phase separation of ionomers in selective solvents 
and in the solid state is the basis for the preparation of PEMs for fuel cell applications 
(Hickner et al., 2004; Yang et al., 2005). Control of the ionomer properties is 
predicated on a good understanding of the structure and the methods of preparation of 





Figure 2.9 Organization of amphiphilic block ionomers in a 
selective solvent (Smart et al., 2008). The symbol p is a critical 
packing parameter, described in Israelachvili`s model for surfactant 
micelles, but commonly used in block copolymers (Findenegg, 1986). 
 
 
2.3.1 Synthesis of Ionomers: Radical Polymerization 
2.3.1.1 Synthesis of Random and Block Ionomers 
 
Aliphatic ionomers, similar to their non-charge carrying counterparts of 
polymers or copolymers, can be synthesized by radical polymerization via two 
common strategies, namely indirect synthesis and direct synthesis (Hashidzume et al., 
2002; Odian, 2004). Indirect synthesis is the copolymerization of two or more 
hydrophobic monomers, with one of them bearing functional groups that can be 
converted into ionic groups by post-polymerization modifications such as sulfonation, 
hydrolysis, or quaternization (Fu et al., 1994; Smitha et al., 2003). The sulfonation of 
pre-synthesized hydrophobic PPO by a sulfonating agent such as chlorosulfonic acid 
to SPPO is one such example (Chludzinski et al., 1971). The second method of direct 
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synthesis is the copolymerization of an ionic monomer with one or more hydrophobic 
monomers to form the ionomer in a single step. For example, PS-co-PSSA ionomers 
were produced by the copolymerization of hydrophobic styrene and ionic sodium 
styrene sulfonate (SSNa) (Weiss et al., 1985). In both methods the copolymerization 
can be carried out either in solution or in an emulsion in the presence of an 
amphiphilic surfactant (Alonso et al., 2001; Carmen et al., 2007; Okamura et al., 
2002; Weiss et al., 1985). While indirect synthesis such as sulfonation has the lure of 
simplicity and versatility, it is limited in practice by the difficulty in controlling the 
degree of sulfonation (DS) to form ionomers with different well-ordered structures. A 
poor control of DS can significantly undermine the structure and the mechanical 
properties of the ionomer membranes for fuel cell applications (Huang et al., 2001). In 
this regard a one-pot synthesis of ionomers could be a more appropriate alternative. 
 
The one-pot synthesis of ionomers can be carried out by free-radical 
polymerizations (FRPs) or living polymerizations (LPs). A significant drawback of 
FRPs is their lack of macromolecular structure control because of an uncontrollable 
termination step (caused by randomness in radical coupling and disproportionation) 
(Odian, 2004). Stochastic ionomers with random sequences of ionic and hydrophobic 
units in the backbone are therefore typically formed by FRPs. The FRP of random 
ionomers in solution often encounters two technical difficulties: (i) the lack of a good 
common solvent for both the hydrophobic monomer (the major constituent) and the 
ionic monomer (the minor constituent) and (ii) the non-uniform distribution of the 
ionic units in the ionomer chains causing early phase separation by ionic clustering 
during polymerization (Hashidzume et al., 2002). While emulsion polymerization, for 
instance an oil-in-water system, may be used to add ionic monomers (dissolved in 
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water) to the growing hydrophobic chains in the micelles at the micellar interface, the 
amount of ionic content that can be incorporated this way is rather limited in practice 
(Wu et al., 2006). Therefore, random ionomers with high ionic contents are mostly 
prepared by the indirect synthesis method followed by post-synthesis modifications 
(Hashidzume et al., 2002; Okamura et al., 2002).  
 
Block ionomers with an ordered sequence of ionic and hydrophobic blocks in 
the copolymer backbone are best prepared by LPs which include radical, anionic, 
cationic, coordination, and ring-opening polymerizations either in a solution or in an 
emulsion (Odian, 2004). However, the synthesis can still be difficult because of the 
lack of a good solvent for both the hydrophobic and hydrophilic blocks. For example, 
the copolymerization of PS-b-PSSA diblock ionomers had to be carried out in an 
emulsion system because of the lack of a common solvent for the hydrophobic styrene 
and hydrophilic styrene sulfonic acid (SSA) monomers (Bouix et al., 1998). In most 
cases, post-modifications of the block copolymers are necessary. For example, Mani 
and coworkers converted diblock and triblock copolymers of PS and poly(ethylene-
alt-propylene) (PEP) into ionomers by lightly sulfonating the PS blocks 
(The block copolymers contained 10 - 50 wt.% of PS and the sulfonation level was 






Figure 2.10 Classifications of ordered polymeric materials 
synthesized via LPs technique (Patten et al., 1998). 
 
 
The living radical polymerization (LRP) is fairly tolerant to common organic 
functional groups, moisture, additives, solvents and trace impurities, and has been 
considered  for industrial adoption (Matyjaszewski et al., 2001). The LRP methods 
can be implemented in several flavors, such as nitroxide mediated polymerization 
(NMP), reversible addition fragmentation transfer (RAFT), stable free radical 
polymerization (SFRP), and ATRP (Braunecker et al., 2007). Among them ATRP is 
the most suitable for sulfonated ionomers because the process is indifferent to the 
sulfonate groups of the ionic monomers. Hence it is possible to synthesize ordered 
ionomers by growing an ionic segment from a hydrophobic block with adjustable 
segment length (Patten et al., 1998). Such ordered ionomer structures have been 
classified according to different criteria as shown in Figure 2.10. Thus far a number of 
ordered ionomer structures such as gradient, statistical, block, graft ionomers, and 
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many more (Hashidzume et al., 2002; Koetz et al., 2007; Matyjaszewski et al., 2001) 
have been successfully synthesized by the ATRP technique. Indeed, ATRP is 
increasingly used for tailoring the structure of ordered charged or neutral polymers for 
various applications, with fuel cells included of course.  
 
2.3.1.2 Atom Transfer Radical Polymerization (ATRP)  
 
ATRP is a controlled or living radical polymerization technique. The control 
depends on the formation of radicals which can be reversibly deactivated to form 
dormant species. Reactivation of the dormant species allows for the polymer chains to 
grow again, and be deactivated later. Such a process keeps the radical concentration 
low to reduce the probability of random termination, and the polymer chains can then 
grow slowly and steadily into polymers with a well-ordered structure. A reversible 
redox process catalyzed by a transition metal complex (Mt
n–Y/Ligand, where Y is a 
counterion) is often used for the abovementioned deactivation/re-activation process. 
Specifically the oxidation of the metal complex to Mt
n+1–Y/Ligand and the subsequent 
extraction of a halogen atom, X from a dormant species, R–X, releases the free 
radical. The radical, after propagating along n monomer units, forms the growing 
polymer chain, Pn
•


























- radical coupling Pn+m Pn Pm - disproportionation
 
 
Figure 2.11 A schematic of the ATRP mechanism. 
 
 
In an ATRP system, the redox process occurs with a rate constant of activation 
(kact) and a rate constant of deactivation (kdeact), whereas, the polymer chains grow 
with a rate constant of propagation (kp) in a manner similar to a conventional free 
radical polymerization. The activation-deactivation sequence also works on the 




 M) throughout the polymerization, thereby minimizing the probability of 
termination (Matyjaszewski et al., 1999). The termination step, with a rate constant of 
termination (kt), occurs in the ATRP through radical coupling and disproportionation. 





undergo termination.  
 
ATRP is a therefore a multi-component reaction system consisting of the 
monomer, an initiator with transferable halogen (X), a metal-complex catalyst (a 
transition metal with a suitable ligand), solvent, and sometimes an additive. A variety 
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of well-ordered polymer structures have been successfully synthesized by the ATRP 
technique from monomers such as PS, PAN, and MMA by ATRP technique. Diblock 
copolymers of styrene and AN were synthesized by ATRP using a copper (I) bromide 
(CuBr)-bipyridine (bpy) complex in dimethyl formamide (DMF) at 70 ºC (Leiston-
Belanger et al., 2006). Block copolymers of  AN and n-butyl acrylate (n-BA) have 
been synthesized by two LRP processes: ATRP and NMP (Tang et al., 2003). AN has 
also been polymerized with GMA in the presence of methyl 2-bromopropionate 
(MBP) initiator and CuBr/N,N,N´,N´,N‟‟-pentamethyldiethylenetriamine (PMDETA) 
metal complex catalyst at 70 ºC (Brar et al., 2007). 
 
There have been many attempts to address the lack of a common solvent for the 
hydrophobic and hydrophilic monomers in the synthesis of block ionomers.  Water or 
methanol has been introduced as a co-solvent in the direct (i.e. no post-modifications) 
ATRP of hydrophilic-dominant block ionomers (Qiu et al., 2001; Robinson et al., 
2001). For example, Masci and coworkers synthesized hydrophilic-dominant SPM-
based diblock ionomers using copper (I) chloride (CuCl)-bpy in a water/DMF mixture 
at 20 ºC (Masci et al., 2004). Success in the synthesis of SPM-MMA diblock 
ionomers was found to depend on the water content in the mixed solvent system used 
for polymerization. These ionomers cannot be cast into thin films or membranes 
because their strong hydrophilicity renders them readily soluble in the aqueous 






2.3.2 Phase Separation of Ionomers in Solution and in the Solid State 
 
One unique characteristic of the ionomers is their ability to self-assemble in 
solution and in the solid state. It is well-known that in a solvent which is good for the 
ionic units but poor for the hydrophobic segments, ionomers will self-assemble into a 
variety of morphologies; causing phase separation. In a solution, the interactions 
between the solvent and different types of blocks (hydrophobic and hydrophilic) 
determine the type of microstructure formed (Gebel et al., 1996; Lantman et al., 1987; 
Moffitt et al., 1996). For instance, block ionomers can form stable spherical, rod and 
core-shell aggregates or inverse micelles through phase separation in aqueous solution 
(Gouin et al., 1989; Riess, 2003; Zhou et al., 1993). Light scattering, viscosity, and 
zeta potential measurements (Yamanaka et al., 1990) can be used to measure the 
physical properties of ionomers in solution whereas the formation of ionomer 
aggregates and their structures in solution are best examined by light scattering 
techniques and analytical microscopy (e.g. field emission scanning electron 
microscopy (FE-SEM) and TEM) (Lantman et al., 1987; Wang et al., 1991; Wu et al., 
1994).  
 
On the other hand, phase separation of ionomers in the solid state is driven by 
the repulsive interaction between the hydrophobic and hydrophilic blocks of the 
ionomers during the evaporation of a good solvent (Lantman et al., 1989). A typical 
example is the formation of hydrophilic channels during the casting of PEMs. Phase 
separation is the origin for the correlation between membrane properties such as 
proton conductivity, fuel permeability, mechanical properties, water uptake, and ion-
exchange capacity (IEC) (Chuy et al., 2003; Heinzel et al., 1999; Zoppi et al., 1998); 
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and membrane structures determined from FE-SEM and TEM (Ding et al., 2001; Kim 
et al., 2004).   
 
2.3.2.1 Phase Separation of Random and Block Ionomers in Solution 
 
 The amphiphlic character of ionomers due to the hydrophilicity of the ionic 
units and hydrophobicity of the polymer backbone causes phase separation by non-
covalent interactions (electrostatic, hydrogen bonding, van der Waals and 
hydrophobic interactions) in the solution between the ionomers and the solvent 
(Hashidzume et al., 2002). In aqueous solution, the hydrophobic segments tend to 
associate among themselves to minimize their interaction with the water molecules. 
The ionic segments, on the other hand, tend to associate with the water molecules to 
reduce the electrostatic repulsion between like charges. The phase separation of 
ionomers in selective solvents can result in ordered nanostructures such as crew-cut 
(spherical-shape) aggregates (Figure 2.12). Different micellar morphologies have also 
been detected by TEM depending on the relative block lengths (Moffitt et al., 1996). 
Some examples of these nanostructures are shown in Figure 2.13. The morphologies 
include spheres (a), rods (b), lamellae and vesicles (c), and possibly compound 
micelles where reverse micelle-like aggregates are encapsulated by micrometer-size 




Figure 2.12 TEM image of crew-cut (spherical) aggregates of PS-b-
PAA (polystyrene-b-polyacrylic acid) diblock ionomers in aqueous 




Figure 2.13 Multiple morphologies of crew-cut aggregates formed 




 Depending on their amphiphilicity, random and block ionomers can be 
completely soluble or insoluble in a given solvent or solution (Lantman et al., 1989). 
The factors that have been found to affect the amphiphilicity of ionomers include the 
ratio of ionic units to hydrophobic segments and the distribution of the former in the 
polymer backbone. The presence of charged groups in the ionomers can also exert a 
profound effect on the rheological properties of the ionomers, depending on the 
polarity of the solvent (Nomula et al., 2001). In a strongly polar solvent such as water 
where the electrostatic interaction between the solvent and counter-ions ionized from 
the ionomer and the solvent is strong, a strong polyelectrolyte behavior is observed 
(Rochas et al., 1979). This is commonly found in highly charged polymers where the 
expansion of polymer chains resulting in a substantial increase in the hydrodynamic 
volume can occur at very low ionomer concentrations (Hara et al., 1987). As a result, 
there is a remarkable increase in reduced viscosity with the decrease in ionomer 
concentration (Noritaka et al., 1994).  
 
 On the other hand, ionomers have a tendency to aggregate in non-polar solvents 
or solvents with low dielectric constants (Young et al., 1998; Young et al., 1996). A 
complex behavior of ionomers in non-polar solvents can be expected, since the 
counter-ions and polyions exist as ions pairs and the net attractive interaction between 
them depends on the ratio and the distribution of the ionic groups in the polymer 
backbone (Nomula et al., 1998). In addition, protic solvents such as alcohols could 
also preferentially solvate the ionic aggregates and disrupt the ionic association that 
influences the solution properties (Siadat et al., 1981). Furthermore, the extent of 
ionic association is dependent on the polarity of the co-solvent in the solution. In low-
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polarity solvents such as alcohols, ion-pair interactions are more favorable (Fitzgerald 
et al., 1988).       
 
 The viscosity measurements have also been used for molecular weight 
characterization of ionomers, i.e. weight-average molecular weight ( wM ), due to 
technical difficulties to characterize ionomers by gel permeation chromatography 
(GPC) technique. At moderate to high ionomer concentration in solution, ionomer 
molecules tend to form spherical coils resulting in the decrease of reduced viscosity. 
The decrease in viscosity with concentration is known due to chain entanglement - at 
high concentrations when coils of ionomer chains were closer to one another, the 
increasingly stronger ionic interactions between the ionic segments led to more chain 
entanglement. It is postulated that the building of the chains network commences 
when the hydrophobic domains attached to its ionomer backbone begin to aggregate, 
commonly referred to associative inter-molecular and intra-molecular associations 
(Ng et al., 1999). On the other hand, in a dilute solution, the intra-molecular 
associations are dominant compared to the inter-molecular. In dilute solutions, the 
ionomer chain‟s hydrodynamic volume depends upon the ionomer molecular weight 
and its thermodynamic interaction with the solvent. As the ionomer molecular weight 
increases, the hydrodynamic volume becomes greater resulting in higher reduced 
viscosity (Rushing et al., 2003).   
 
2.3.2.2 Phase Separation of Random and Block Ionomers in the Solid State  
 
Ionomers are expected to exhibit different structures and properties in the solid 
state (Fitzgerald et al., 1988). The randomly distributed ionic units in random 
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ionomers usually display single-phase morphology in the solid state because the 
clustering of the ionic units is not intrusive enough to cause phase separation. Instead 
isolated ionic units are formed within the hydrophobic domains of the membrane. The 
single-phase morphology of random ionomers prevails when the segments are 
chemically more compatible, similar in composition and have shorter lengths. On the 
other hand, block ionomers with an ordered structure are able to form a variety of 
self-assembled structures including spheres, cylinders, bi-continuous phases, 
perforated layers, or laminates, depending on the amphiphilic character of the 
copolymers, as illustrated in Figure 2.14 (Chew et al., 1998; Khandpur et al., 1995). It 
is generally believed that incompatibility between hydrophilic and hydrophobic 
blocks in the ionomer structure drives phase separation by promoting ionic clustering 
and the segregation of the hydrophobic blocks. Yang and Holdcroft (Yang et al., 
2005) postulated that the extent of phase separation in PEM is governed by three 
major factors: (i) the hydrophilic and hydrophobic strength of each segment, (ii) 
compositional dissimilarities between the ionic (hydrophilic) and non-ionic 





Figure 2.14 Phase diagram of PS-b-PI diblock copolymers 
(Khandpur et al., 1995). 
 
 
In the solid state (i.e. polymer membrane) where the hydrophilic and 
hydrophobic segments are chemically immiscible, the balance between hydrophobic-
hydrophilic repulsion among the ionomers and the limited degrees of freedom in 
segmental motion drive the phase separation into the patterns shown in Figure 2.14 
(Battaglia et al., 2005a, 2005b; Forster et al., 2001; Hillmyer et al., 1997; Jain et al., 
2006; Peinemann et al., 2007; Ritzenthaler et al., 2002). The amphiphilic character of 
ionomers favors phase separation into hydrophobic and hydrophilic domains, leading 
to the possibility of forming a continuous network of hydrophilic channels to support 
proton transport in polymer-based membranes. The characteristics of the backbone, 
type, ionicity and abundance of the acid groups, and IEC values are some of the 
parameters that can be used to tune the functional properties of the ionomer 
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membranes (Hickner et al., 2005). Among these parameters, IEC, defined as the 
number of ionizable ionic units per unit weight of the ionomer, is perhaps the simplest 
parameter to modify the ionomer properties and the phase separation behavior of the 
ionomer during membrane formation.  
 
Proton conductivity is the most important property for a fuel cell PEM and this 
is closely related to IEC. It can be varied by either post-modification of hydrophobic 
polymers via sulfonation or by the direct synthesis of ionomers from ionic and 
hydrophobic monomers. As discussed previously, the control of the degree of 
sulfonation in the first method is difficult and many of the hydrocarbon-based PEMs 
prepared by this route do not have the requisite mechanical properties. On the 
contrary, block ionomers, with their well-ordered structures, have shown more 
promises because of the possibility of morphology control (Hickner et al., 2004; 
Hickner et al., 2005). A model PEM morphology based on the aromatic poly(ether 
sulfone) (PES) polymer with different hydrophilic/hydrophobic block lengths was 
used to demonstrate this (Higashihara et al., 2009). Phase separation of the block 
ionomers resulted in the hydrophilic segments forming an inter-connected three-
dimensional network to promote proton transport, while the hydrophobic segments 
impart the necessary strength. The formation of extensively connected hydrophilic 
domains has been confirmed by both atomic force microscopy (AFM) (Figure 2.15a-




Figure 2.15  AFM images and TEM images of multiblock poly(ether 
sulfone)s with varying hydrophilic/hydrophobic block lengths 
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CHAPTER 3 
 
SYNTHESIS AND CHARACTERIZATION OF ACRYLIC 
RANDOM-IONOMER MEMBRANES FOR ROOM 




The growing interest in DEFCs is based on several desirable properties of 
ethanol as a fuel (Lamy et al., 2002; Song et al., 2006). The advantages of ethanol 
over methanol as an alcoholic fuel include (i) lower fuel toxicity, (ii) higher energy 
density, (iii) manufacturability from materials of renewable origin, and (iv) reduction 
of the environmental impact of fuel cell operations (Minteer, 2006). With these 
advantages, ethanol has the potential to replace methanol as a more acceptable fuel for 
the DAFCs. However, the development of DEFCs is beset with significant technical 
challenges, one of them is the high permeance of ethanol in most commonly used 
PEMs such as the Nafion
®
 membranes (Song et al., 2005). The high alcohol 
permeance causes the fuel to crossover from the anode to the cathode. The subsequent 
loss of fuel and the interference of the crossover fuel with the cathode reaction can 
substantially reduce the fuel cell efficiency and performance. The search for ethanol-
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Many of the alcohol-resistant PEMs were developed for the DMFCs because of 
the longer history of this fuel cell type. They include sulfonated aromatic and 
sulfonated aliphatic ionomers (Deluca et al., 2006; Jagur-Grodzinski, 2007; 
Neburchilov et al., 2007) reinforced by acid-base cross-linking (Kerres, 2005), 
embedded structures (Pei et al., 2006a; Pei et al., 2006b; Pei et al., 2007), organic-
inorganic hybridizations (Ladewig et al., 2007), or pore-filling (Yamaguchi et al., 
2007) to impart alcohol resistance. Ethanol-resistant PEMs for DEFCs, on the other 
hand, are primarily based on organic-inorganic hybrids. Examples include modified 
silica/SPEEK (Tan et al., 2006), hydroxyapatite (HAP)/PVA (Yang et al., 2008a), 
tetraethoxysilane (TEOS)/cross-linked PVA (Fu et al., 2008a), carbon molecular-
sieve (CMS)/SPEEK (Maab et al., 2010) and TEOS/SPEEK (Roelofs et al., 2010) 
systems. Although this approach can moderate the ethanol crossover problem, there 
have been observations of organic-inorganic incompatibility that resulted in the 
aggregation of the inorganic phase during membrane fabrication. The compatibility of 
PEM components is expected to improve in an all-polymer design. 
 
This chapter describes the synthesis of a series of aliphatic random ionomers 
containing co-monomeric units of acrylonitrile (AN) and methacrylates (GMA, SPM, 
TFPM). AN is the main constituent for forming a strong ionomer backbone based on 
the dipole-dipole interaction between the AN units. Together with the methacrylates 
they provide structural stability for the fabricated membranes. The design also 
leverages on the alcohol resistance of AN and methacrylates (GMA and TFPM) to 
minimize the alcohol crossover problem; and the ionizability of the SPM units to 
support proton transport. The hydrophilic-hydrophobic differences between these 
repeating units drove phase separation in the solid state during membrane casting, 
Chapter 3 
   43 
forming a network of connected hydrophilic channels. In-situ cross-linking via the 
ring-opening reaction between the epoxide group of GMA and an extraneous cross-
linker, ethylene diamine (EDA), was used to strengthen the membrane matrix and to 
impede ethanol permeation through the membrane matrix. Two types of aliphatic 
random ionomers, namely ternary P(AN-co-GMA-co-SPM) and quaternary P(AN-co-
GMA-co-SPM-co-TFPM) systems, were produced by a solution free-radical 
polymerization method in DMF. The strongly hydrophobic TFPM was introduced in 
the quaternary random ionomer design to compensate for the hydrophilicity of the 
AN-dominant backbone (Chuy et al., 2003). The TFPM modification was beneficial 
because the majority of the quaternary ionomer membranes showed significantly less 
ethanol permeability than the unmodified ternary membranes. 
 
3.2 Experimental Method 
3.2.1 Materials 
 
Potassium 3-sulfopropyl methacrylate (SPM, 98%), acrylonitrile (AN, ≥99%), 
glycidyl methacrylate (GMA, 97%), 2,2,3,3-tetrafluoropropyl methacrylate (TFPM, 
99%), 1-hydroxycyclohexyl phenyl ketone (99%), N,N-dimethylformamide (DMF, 
HPLC-grade), ethylene diamine (EDA, 98%), ethanol (analytical grade) and sodium 
poly(styrene sulfonate) (PSSNa) (Mw = 70,000) were purchased from Sigma-Aldrich. 
The GMA monomer was further purified by passing it through a hydroquinone-based 
inhibitor removal column (Sigma-Aldrich). All other chemicals were used as 
received. Water was deionized through a Milipore Milli-Q Water system. 
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3.2.2 Synthesis of Random Ionomers 
 
The first series of random ionomers, namely ternary P(AN-co-GMA-co-SPM), 
was synthesized as follows: AN (3.2 – 3.5 mmol; 64-70 mole %), GMA (1 mmol; 20 
mole %), SPM (0.5 – 0.8 mmol; 10-16 mole %) and DMF (10 mL) were 
simultaneously introduced to a glass tube. 1-hydroxycyclohexyl phenyl ketone (5 wt. 
% of the monomers total), used as the initiator of free-radical polymerization, was 
added next. After several minutes of vigorous stirring, the mixture was de-aerated 
with argon for 30 minutes, and the glass tube was sealed. The sealed tube was 
transferred to a UV-reactor (Spectrolinker
TM
 XL-1500 UV cross-linker with an 
intensity of 5,500 W/cm
2
) and irradiated for 6 h to complete the polymerization 
reaction shown in Figure 3.1. The polymer solution was heated at 80 °C for 24 h 
under vacuum to form a solid product. The second ionomer series, quaternary P(AN-
co-GMA-co-SPM-co-TFPM), was synthesized in a similar fashion but with the 
additional presence of a strongly hydrophobic monomer, TFPM (0.25 – 1.0 mmol; 5-
20 mole %) in the initial monomer mix. A higher mole fraction of the SPM monomer 
(0.5 – 0.9 mmol; 10-18 mole %) could be used in this case without early phase 
separation during the solution polymerization. 
 
The random ionomers are denoted by SX-Y, where X and Y are the mole % of 
TFPM and SPM used in the starting mixture. The starting mixture also contained 20 
mole % of GMA with AN making up the balance. Thus, S0-12 refers to the ternary 
ionomer synthesized with a starting mixture of 12 mole % SPM, 20 mole % GMA, 
and 68 mole % AN. Similarly, S20-14 is the quaternary ionomer synthesized from 20 
mole % TFPM, 14 mole % SPM , 20 mole % GMA, and 46 mole % AN. 
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Figure 3.1 Synthesis of random ionomers via free-radical solution 




3.2.3 Fabrication of Random-Ionomer Membranes 
 
For membrane fabrication, the ionomer solution was cross-linked with EDA (0.5 
mmol) by the reaction between the epoxide group of GMA and the amine group of 
EDA. Cross-linking was carried out at room temperature for 4 h under vigorous 
stirring. The solution was then cast on a Teflon dish and cured at 80 °C for 24 h. A 
uniformly transparent membrane was formed, which could be easily separated from 
the Teflon surface. The membrane was then equilibrated in 1.0 M sulfuric acid 
(H2SO4) for 24 h at room temperature to convert the SPM units from the salt form 
(K
+
) to the acid form (H
+
). To avoid the issue of membrane reproducibility, at least 
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three membrane samples from the same ionomer batch were prepared. All 
characterizations were consistently repeated using at least three ionomer samples 
(batches). 
 
3.2.4 Characterization Methods 
3.2.4.1 Proton Conductivity  
 
The proton conductivities of the cast membranes were measured by the standard 
four-probe method on an Autolab PGSTAT30 potentiostat/galvanostat equipped with 
an electrochemical-impedance analyzer. The frequency range of 1 MHz to 50 Hz was 
used. All samples (as 1 cm x 3 cm strips) were equilibrated in deionized water for 24 
h prior to the measurements. The membrane resistance was determined from the 
Nyquist plot of the complex impedance (Z” vs. Z‟) using a method described 




where L and S are the distance between the two electrodes (fixed at 1 cm) and the 
cross-sectional area of the membrane, respectively. The proton conductivity of a 
commercial Nafion
®
 117 membrane measured this way was between 0.05 – 0.07 
S/cm. Its good agreement with the literature values is a validation of the measurement 
method (Deluca et al., 2006; Neburchilov et al., 2007). However, higher conductivity 
data of Nafion
®
 membranes (0.08 – 0.09 S/cm) have been reported in other literature 
(Lin et al., 2007) . 
 
Chapter 3 
   47 
3.2.4.2 Alcohol Permeability 
 
The following procedure was used to measure alcohol permeability, such as the 
ethanol and methanol permeabilities, of random ionomer membranes for room 
temperature DEFC (Chapter 3) and DMFC (Chapter 5) applications. In this study, 
ethanol permeability was measured at room temperature using a standard glass 
diffusion cell. A membrane sample was first equilibrated in deionized water for 24 h. 
It was then mounted between the two compartments of a glass diffusion cell. One 
compartment was filled with an ethanol solution of a known concentration (CA), and 
the other compartment (the receiving compartment) was filled with ultra-pure water 
(CB). 100-μL samples were periodically drawn from the receiving compartment 
(every 40 minutes apart), and their compositions were analyzed by a Shimadzu GC-
2010 gas chromatograph (GC) with a flame-ionization detector. Ethanol permeability 








tC   
where A and L are the membrane area and thickness respectively; D, K, and to are the 
ethanol diffusivity, solubility, and the measurement time lag respectively. The product 
DK is the membrane permeability and was calculated from the slope of the linear plot 
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3.2.4.3 Ion-Exchange Capacity (IEC) and Water Uptake 
 
The ion-exchange capacities (IECs) of the cast membranes were determined by 
acid-base titrations using 1-phenolpthalein as the end-point indicator. Typically, a 
membrane after vacuum drying at 70 °C for 24 h was equilibrated with 1 M NaCl to 
fully exchange the protons (H
+








 . Water uptake was calculated by the difference 
in weights between dry and wet membrane samples. The dry weight, mdry, was 
measured after a sample was placed in a vacuum oven at 80 °C for 24 h. The wet 
weight, mwet, was measured after equilibration of the dry sample in de-ionized water 
for another 24 h. 
 
3.2.4.4 Mechanical Properties 
 
The tensile strengths and associated elongations of all membrane samples were 
measured on an Instron 5569 Universal Tester using a 100-N load cell. For the 
measurements, the membrane samples were cut into dumbbell-shaped test specimens 
according to the ASTM 882 standard. For the testing of membranes in the wet state, 
the test specimens were first immersed in de-ionized water for 24 h. All 




   49 
3.3 Results and Discussion 
3.3.1 Ternary Random-Ionomer Membranes for DEFCs 
 
For the design of PEMs, current understanding of the structure-property 
relationships is applied to a polymer structure to achieve the desired application 
properties (Hickner et al., 2005). Many of the PEMs in use today, including Nafion
®
 
membranes and hydrocarbon membranes, contain both hydrophilic and hydrophobic 
domains that are formed by the self-assembly of the hydrophobic and hydrophilic 
segments of the ionomers during the membrane fabrication process (Yang et al., 
2005). This phase separation is fundamental to the development of a network of 
hydrophilic channels in the membrane matrix for the transport of protons and water 
molecules. Early studies on ionomeric membranes have suggested that such phase 
separation is dependent on the hydrophilicity-hydrophobicity balance of the ionomer. 
 
3.3.1.1 Rational Design and Synthesis of Ethanol-Resistant Random-Ionomer 
Membranes 
 
Our first attempt at designing ethanol-resistant PEMs was based on a system of 
ternary non-fluorinated aliphatic random ionomers in which hydrophilicity was 
provided by flexible SPM side chains which were randomly distributed along a 
hydrophobic (AN-co-GMA) backbone (Figure 3.1). Lacking the strong π-π 
interactions of aromatic hydrocarbon polymer chains, the aliphatic hydrocarbon 
polymers are weaker in cohesive inter-chain interactions and consequently a weaker 
membrane matrix especially in the fully hydrated state. The problem is commonly 
addressed by cross-linking the polymer chains. Cross-linking can strengthen the 
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membrane structure and impede alcohol permeation but it also slows the proton 
transport if the cross-linked structure is highly disorganized (Kerres, 2005). 
 
Table 3.1 Importance of in-situ cross-linking on the PEM properties of ternary 
random-ionomer membranes. A commercial Nafion
®
 117 sample was used as the 
benchmark. 
 








Membrane  (mmol g
-1









       
G-0 0/90 - - - - - Failed 
G-1 10/80 - - - - - Failed 
G-2^ 20/70 0.42 80 4.0 42 3.80 Film 
G-3 30/60 0.29 90 0.2 27 0.56 Film 
G-4 40/50 0.19 100 < 0.1 23 0.04 Film 
Nafion
®
 117  0.90 205 63 30 34.00  
^This is the same as the S0-10 membrane in Table 3.2 
* 
Measured at 23 
o
C and 50%-RH 
# 
The SPM content in all ionomers was fixed at 10 mole %  
 
 
With this strategy in mind, in-situ cross-linking was applied to the random 
ionomers by adding a specified amount (half the number of moles of GMA) of the 
EDA cross-linker to the ionomer solutions used for membrane casting. Upon drying 
the cast membranes, the reaction between the pendant epoxide group of GMA and 
diamine established a covalently cross-linked structure with embedded hydrophilic 
domains which enabled freestanding membranes to be formed. The addition of EDA 
to random ionomers without the GMA repeating units (the P(AN-co-SPM) 
copolymer) only resulted in a very brittle film (G-0). Cross-linking was therefore 
absolutely essential to impart the ionomers with the mechanical strength to form 
freestanding membranes. Table 3.1 summarizes the effects of covalent cross-linking 
on membrane formation and ethanol resistance. It shows that, with a fixed ionic 
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(SPM) content in the monomer mixtures, increasing the GMA content in the starting 
mixture (with the equivalent amount of EDA added) increased the ease of film 
formation. 
 
In addition to strengthening the membrane matrix, the compaction of polymer 
chains by covalent cross-linking and the resulting reduction of chain mobility also 
limited the expansion of the hydrophilic domains during hydration. Excessive water 
uptake by the membrane was therefore suppressed, resulting in a significant reduction 
of ethanol diffusion (which was transported primarily by the vehicle mechanism). 
This explains the decreasing trend of ethanol permeability with increasing cross-linker 
content in Table 3.1. 
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Table 3.2 Essential PEM properties of cross-linked random-ionomer membranes and Nafion
®






 Proton conductivity, σa EtOH Permeability, PEtOH
b
 Tensile strength, TS 










) Dry, (MPa) Wet, (MPa) 
 SPM/AN/TFPM
g
         
S0-10 10/70/0 42 0.41 4 ± 0.9 0.38 ± 0.09 24 12 
S5-10 10/65/5 26 0.45 2 ± 0.5 0.19 ± 0.04 24 20 
S5-12 12/63/5 41 0.60 8 ± 1.0 0.24 ± 0.06 14 10 
   -       
S10-10 10/60/10 16 0.34 2 ± 0.1 0.08 ± 0.02 26 21 
S10-12 12/58/10 36 0.46 7 ± 0.8 0.23 ± 0.05 27 13 
S10-14 14/56/10 47 0.56 22 ± 3.0 0.80 ± 0.09 25 3 
   -       
S20-10 10/50/20 16 0.30 1 ± 0.1 0.07 ± 0.02 29 22 
S20-12 12/48/20 24 0.50 6 ± 1.0 0.20 ± 0.03 30 16 
S20-14 14/46/20 39 0.59 15 ± 3.0 0.33 ± 0.09 16 13 
S20-16 16/44/20 43 0.70 22 ± 1.0 0.43 ± 0.10 11 8 
S20-18 18/42/20 71 0.78 50 ± 3.3 1.00 ± 0.25 - - 





- 32 0.90 63 ± 3.3 3.40 ± 0.21 28 22 
a
WU (water uptake), IEC, and proton conductivity were measured at 23 
o
C and 50%-RH 
b
Ethanol permeability at 23 
o
C using 2M Ethanol  
c
GMA loading was fixed at 20 mole % 
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® 
117 membrane are typical of those reported in the 
literature (Neburchilov et al., 2007) 
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3.3.1.2 PEM Properties of the Ternary Random-Ionomer Membranes 
 
The proton conductivities of the ternary random-ionomer membranes formed by 
solution casting (S0-Y series) were strongly dependent on the ionomer composition. It 
was observed during the screening of ionomer composition that no freestanding 
membrane could be formed with SPM content higher than 10 mole %. On the other 
hand, low SPM contents (< 10 mole %) resulted in very low proton conductivities. 
This finding prompted a follow-up study to understand the possible reasons for the 
limit on SPM-loading. The results of that study will be presented in Chapter 4. With 
the practical limit on the SPM content in mind, the S0-10 ionomers, with a maximum 
SPM loading of 10 mole %, were used as the baseline for composition optimization to 
improve the PEM properties. 
 
Table 3.2 shows that the composition of the monomer mixture could be adjusted 
to yield a free-standing ternary membrane with sufficient proton conductivity (S0-10). 
The proton conductivity of 0.004 S/cm for the S0-10 membrane is clearly lower than 




117 membrane (0.063 S/cm). Its 
saving feature was an ethanol permeability which is one order of magnitude lower 
than the Nafion
® 




/s). In many of the ionomer 
membranes developed to date, high proton conductivity (desirable) is often 
accompanied by high ethanol permeability (undesirable). Hence a characteristic factor 
Φ can be used as an overall figure of merit based on these two properties: 
Φ = σ/P 
where σ is the proton conductivity and P is the ethanol permeability.  
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The Φ value calculated for the S0-10 membrane was 1.1 x 10-4 (S cm-1)/(cm2 s-1) 









). Hence the gain in alcohol resistance could not justify the loss 
in proton conductivity. The low ethanol permeability of the cross-linked S0-10 
membrane can be traced to the ethanol rejection property of the acrylic polymers and 
the narrowing of the hydrophilic channels as a result of cross-linking, which 
constrained the passage of both water and ethanol molecules. 
 
3.3.2 The Benevolent Effects of the Addition of Strongly Hydrophobic TFPM to 
Form Quaternary Random-Ionomer Membranes 
 
Although the stronger ethanol resistance of the ternary random-ionomer 
membrane is desirable for the DEFCs, its low proton conductivity is a disadvantage 
difficult to improve in view of the known trade-off problem between proton 
conductivity and mechanical properties (Hickner et al., 2005). We therefore resorted 
to increasing the hydrophobicity of the ionomer backbone to impede the extent of 
ionic clustering which led to poor mechanical properties. This was done by 
introducing a strongly hydrophobic component, the TFPM monomer, to the ionomer 
design. The increase in hydrophobicity inducted unexpectedly more ionic SPM 
content without aggregation, resulting in an adventitious increase of proton 
conductivity. Indeed the controlled TFPM modification was found to transform the 
ternary ionomers into quaternary P(AN-co-GMA-co-SPM-co-TFPM) random 
ionomers where there was more uniform distribution of the SPM units. Cross-linking 
was also applied during solution casting to form freestanding membranes. The TFPM 
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modification of ternary membranes also brought about several other beneficial 
outcomes, as will be outlined below. 
 
3.3.2.1 Proton Conductivity 
 
Similar to the S0-10 ternary random-ionomer membrane, the proton 
conductivity of the quaternary random ionomers was strongly dependent on the 
ionomer composition, and the mole % of SPM and TFPM in the ionomer (Table 3.2). 
In samples with no or a very low TFPM content, the mole % SPM that could be 
incorporated into the ionomer was limited before bulk phase separation occurred in 
the polymerization solution to prohibit the formation suitable ionomers for free-
standing membranes. On the other hand, in the presence of TFPM, microscale phase 
separation occurred uniformly throughout the membrane, which is desired for the 
balance between proton conductivity and membrane integrity. This can in principle be 
done by avoiding the formation of long SPM segments; and forming small but 
contiguous hydrophilic domains within the continuum of the hydrophobic domains 
which provide the membrane mechanical strength.  
 
For example, the quaternary ionomer S5-Y, with a low TFPM content of 5 mole 
%, could accommodate SPM up to 12 mole %. In comparison, the ternary S0-Y 
ionomers, without any TFPM, could only accommodate a maximum of 10 mole % of 
SPM. For samples with 10 mole % of SPM such as the SX-10 ionomers (X = 0 – 20), 
the proton conductivity and water-uptake both decreased with increasing TFPM 
content (Figure 3.2). The hydrophobicity of TFPM was clearly contributing in these 
cases. With the ionic content fixed at 10 mole%, increase in the TFPM content could 
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form smaller and more separated hydrophilic domains and likely increased the 
number of isolated domains in the cast membranes. Proton transport was hindered by 
the decreased accessibility of the hydrophilic network due to increasingly more 
tortuous and constricted pathways. 
 































Figure 3.2 The effect of hydrophobic TFPM modification on the 
SX-10 proton conductivities at room temperature. The conductivities 
of ternary S0-10 membrane and the Nafion
®
 117 membrane are 
included for comparison. 
 
 
Quite fortuitously the increase in TFPM content also enabled more SPM units to 
be incorporated into the ionomer (Table 3.2). The anticipated increase in the isolation 
of the hydrophilic domains by TFPM addition was therefore compensated by increase 
in the mole % of SPM which created more hydrophilic domains. The S20-Y 
membranes (Y = 10 – 18) from the quaternary ionomers are examples. Except S20-10 
membrane, all S20-Y membranes showed higher proton conductivity and IEC values 
than the S0-10 membrane prepared from the ternary ionomer. Among these 
membranes, the S20-18 membrane showed the highest proton conductivity ( = 0.05 
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S/cm), representing almost an order of magnitude improvement over the proton 
conductivity of the S0-10 membrane. This agrees well with the higher SPM contents 
of the S20-Y ionomer membranes. The presence of 20 mole % of TFPM could 
increase the SPM content to 18 mole % before phase separation in polymerization 
halted further increases. Although it was experimentally possible to increase the SPM 
content further by using more TFPM in the synthesis, the resulting PEM properties 
were not better. For example, the S25-Y membranes had rather poor proton 
conductivities and inferior mechanical properties due to excessive membrane 
swelling. This could be caused by the increased difficulty in controlling the placement 
of the various repeating units in a random-ionomer structure, particularly when a high 
ionic content predisposed the ionomer to ionic clustering and reducing the 
accessibility of the bound water for proton transport. 
 































Figure 3.3 Influence of ionic SPM groups on the proton 
conductivities of the S20-Y membranes at room temperature and the 
Nafion
®
 117 membrane are included for comparison. 
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 Figure 3.3 shows that an increasing SPM content for the S20-Y (20 mole % of 
TFPM) membranes led to a concomitant increase in water uptake and proton 
conductivity. Hence the increase in proton conductivity due to hydrophobic modifier 
addition could be associated with the increase in water uptake. Such increasing trend 
could be attributed to the increase in the ionomer membrane hydrophilicity when 
more SPM units (bearing sulfonic acid groups were incorporated. The increased water 
uptake could be understood in terms of smaller and contiguous hydrophilic domains. 
The increase in the number of these contiguous smaller hydrophilic domains 
contributed positively to proton conduction by the Grotthuss mechanism which 
prevails at higher water contents (Mauritz et al., 2004). While the proton conductivity 
of the Nafion
®
 117 membrane was not matched by even the best effort in this 
experimental study (the S20-18 membrane) (Table 3.2), the quaternary random-
ionomer membranes still represent a notable improvement of the proton conductivity 
of the ternary random-ionomer membranes.  
  
3.3.2.2 Ethanol Permeability 
 
The ethanol permeabilities of the membranes are also given in Table 3.2. It was 
found that ethanol permeability was strongly dependent on the ionomer composition 
and was affected by the SPM and TFPM contents. At 10 mole % of SPM (e.g. the SX-
10 ionomers where X = 0 – 20) ethanol permeability and water uptake of the 
membranes decreased with the increase in TFPM content. From the data in Figure 3.4, 
it is apparent that quaternary random ionomers formed more effective ethanol-
blocking PEMs, with an alcohol resistance which is 3-4 folds higher than Nafion
®
 
117. The addition of TFPM, which increased the hydrophobicity of the ionomer 
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backbone, was therefore an effective means in increasing the water- and ethanol-
rejection capability of the membranes.  
 





































Figure 3.4 Effect of hydrophobic TFPM content of the SX-10 
membranes on ethanol permeability at room temperature. The EtOH 
permeabilities of the ternary S0-10 membrane and the Nafion
®
 117 
membrane are included for comparison. 
 
 
While water rejection property is common among fluoropolymers (e.g. Teflon
® 
or PTFE), it is not found in most perfluorosulfonate polymers such as Nafion
® 
which 
also contains a hydrophobic PTFE backbone. This was not explained until the advent 
of theoretical models (i.e., the cluster-network model) which proposed the association 
of hydrophilic SO3-H groups to form a large number of water channels about ~2.5 nm 
in diameter that percolate throughout the hydrophobic matrix of the perfluorocarbon 
chains (Schmidt-Rohr et al., 2008). These models correctly predicted the formation of 
well-connected ionic cluster network. While the hydrophilic SPM segments in the 
quaternary random ionomers may form hydrophilic domains, the connectivity and 
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because of a less organized backbone and less regular placement of the ionic 
segments. 
   





































Figure 3.5 Effects of increasing SPM content on ethanol 
permeability and water uptake of S20-Y membranes at room 
temperature and the Nafion
®




 Increasing the SPM content in the ionomers led to increases in ethanol 
permeability and water uptake (Figure 3.5). This is because of the general increase in 
membrane hydrophilicity when more sulfonic acid groups were present in the 
ionomers. The increased hydrophilicity increased the number of small SPM domains 
and improved their interconnectivity. The ionomer composition, in particular the SPM 
content, therefore determined the density and the distribution of the hydrophilic 
domains in membrane formation.  
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3.3.2.3 Mechanical Properties 
 
A useful PEM should not only possess high proton conductivity and low alcohol 
permeability but also mechanical properties that allow it to be formed into an MEA 
and withstand the stress of fuel cell operations. It is generally believed that the 
mechanical properties of a PEM depend mostly on the hydrophobic domains in the 
ionomer, whereas the transport properties are affected by the hydrophilic domains 
(Hickner et al., 2005). These two distinct phases define the structure and morphology 
of the membrane and the balance between mechanical stability and other functional 
properties. The mechanical properties of PEMs are often characterized through tensile 
stress-strain measurements (S-S curves), yielding valuable parameters such as tensile 
strength and tensile elongation at break (Figure 3.6). 
 

























Figure 3.6 Representative S-S curve of wet S20-10 membrane.  
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Figure 3.7 Effect of hydrophobic content (mole % TFPM) on the 
tensile strength of dry and wet SX-10 membranes. A ternary S10-0 
membrane and the Nafion
®




Figure 3.7 shows the tensile strength of the quaternary random ionomers 
membranes under dry and wet conditions. The corresponding data from a ternary 
random-ionomer membrane and a Nafion
®
 117 membrane are also included for 
comparison. The quaternary random-ionomer membranes had evidently improved the 
mechanical properties of the ternary ionomer in both dry and wet states. Clearly, the 
improvement was due to the use of TFPM as a hydrophobic modifier. The benefit of 
using fluorinated compounds to improve the PEM mechanical properties is quite well-
known and is believed to originate from a strong hydrophobic interaction that causes 
more effective chain entanglement and hence a stronger and more compact polymer 
matrix (Chen et al., 2004). 
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Figure 3.8  Effect of ionic content (mole % SPM) on the on the 
tensile strength of dry and wet S20-Y membranes and the Nafion
®
 117 
membrane are included for comparison. 
 
 
 Conversely, Figure 3.8 shows decreasing tensile strength with increasing ionic 
SPM content. The decrease in the tensile strength was particularly pronounced in the 
wet state, for which the tensile strength decrease could be as high as 87% of the 
tensile strength in the dry state (the S10-14 membrane). In the wet state, the ion-rich 
SPM domains expanded excessively to undermine the mechanical strength provided 
by the hydrophobic regions of the membrane. The weakening of the mechanical 
strength of PEMs in the wet state is a known side effect in the direct sulfonation of 
polymers (Huang et al., 2001). The problem is less severe when the PEM is formed 
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3.3.3  Reflection on the Design Strategy for Aliphatic Ionomer Membranes 
 
 Lower material cost, greater accessibility of raw materials, and ease of synthesis 
are the salient advantages of hydrocarbon-based random ionomer membranes over 
perfluorosulfonate membranes such as Nafion
®
. The improved performance of 

















), which are higher than the 
calculated Φ value of the Nafion® 117 membrane at 1.8 x 10-4 (S cm-1)/(cm2 s-1). 
Although the quaternary random-ionomer membranes developed here showed 
improvements in all PEM properties relative to the ternary random ionomers, however 
their proton conductivities were still unsatisfactory for fuel cell applications. This 
study provides an insight and guidance to explore the possibility of using 
hydrophobicity-hydrophilicity difference to induce phase separation to different 
extents. The same can in principle be achieved by using a more ordered polymer 
structure, such as block or graft ionomers. Indeed, ordered polymer architectures have 
been used to provide better control of the membrane morphology to improve the 
application performance, especially the proton conductivity in a few cases (Ding et 
al., 2002b; Tsang et al., 2007). This thesis study also attempted to use well-ordered 
acrylic based ionomers, such as diblock ionomers. The details for that part of the work 
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3.4 Conclusion 
 
 In this part of the study, two types of aliphatic random ionomers, namely ternary 
P(AN-co-GMA-co-SPM) and quaternary P(AN-co-GMA-co-SPM-co-TFPM), were 
synthesized by a simple free-radical solution polymerization in DMF. It was found 
that although the ternary random ionomers had stronger ethanol resistance than 
Nafion
®
, they were lacking in other essential PEM properties such as proton 
conductivity and mechanical strength. The limitations of the ternary ionomer system 
were addressed sufficiently well by introducing a strongly hydrophobic component, 
TFPM, to form a quaternary ionomer system. The hydrophobic modifier addition 
resulted in significant improvements in proton conductivity, ethanol resistance, and 
mechanical strength. This part of the study also demonstrated that the hydrophobic 
TFPM and ionic SPM units affected the structural and functional properties of the 
membranes in opposite ways, and hence composition optimization is critical to 
developing workable membranes. The hydrophobic modifier addition leading to 
increased proton conductivity is unintuitive, and this phenomenon and its origin will 
be discussed in the next chapter. 
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CHAPTER 4 
 
MITIGATING EARLY PHASE SEPARATION DURING 
SOLUTION POLYMERIZATION OF ALIPHATIC RANDOM 
IONOMERS BY HYDROPHOBIC MODIFIER ADDITION 
 
4.1 Introduction  
 
 Random ionomers are useful for a wide range of applications; the fabrication of 
PEMs for DAFCs is one of them (Hickner et al., 2004; Hickner et al., 2005). A 
relatively simple design and ease of synthesis are the advantages of random ionomers 
over the ordered (graft, block, or star) ionomers (Yang et al., 2005). However, the 
controllability of phase separation during membrane formation, which is needed for 
establishing a pervasive hydrophilic network, is more difficult for the random 
ionomers. The resulting membranes are therefore lower in proton conductivity than 
those fabricated from a more ordered ionomer structure, such as Nafion
®
. Since the 
proton conductivity of ionomers increases generally with the ionic content (i.e., the 
sulfonic acid group) (Fu et al., 2008a; Pei et al., 2006b), the synthesis of random 
ionomers with a high ionic content is an obvious solution to provide a high proton 
conductivity for the PEMs constructed from random ionomers. 
 
 Solution polymerization and emulsion polymerization are two common methods 
of preparation of random ionomers (Alonso et al., 2001; Carmen et al., 2007; 
Okamura et al., 2002; Weiss et al., 1985). However, the synthesis of random ionomers 
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by the simpler method of solution polymerization often encounters two technical 
problems: (i) the lack of a common solvent for both the hydrophobic monomer (the 
majority component) and the ionic monomer (the minority component) and (ii) early 
phase separation during polymerization caused by the non-uniform distribution of the 
ionic units in the random copolymer chains and ionic clustering (Hashidzume et al., 
2002). Polymerization in an oil-in-water emulsion has been used to distribute the 
dissolved ionic monomers (in water) more uniformly in the growing hydrophobic 
chains through additions at the micellar interface (Wu et al., 2006). However, the 
ionic content of the copolymer that can be incorporated by emulsion polymerization is 
quite limited. Consequently, random ionomers with high ionic contents are now 
mostly prepared by pre-synthesizing a hydrophobic co-polymer with functional 
groups on the side chains that can be converted into ionic groups later (Hashidzume et 
al., 2002; Okamura et al., 2002). The cost of this approach can be rather high due to a 
more complex synthesis process. 
 
A one-pot solution polymerization of random ionomers with a sufficiently high 
ionic content is clearly preferable if the critical issue of phase separation during 
polymerization can be satisfactorily overcome. In this regard, the work of Kim and 
coworkers is noteworthy of mention (Kim et al., 2008b). These authors used a 
specifically synthesized reactive compatibilizer (modifier), amphiphilic urethane 
acrylate non-ionomer (UAN) precursor, to successfully suppress phase separation in 
the solution polymerization of PS-co-PSSA aliphatic random ionomers. A relatively 
high ionic content (up to 20 wt.%) could be incorporated if a large amount of UAN 
was used. Other than this effort, we are not aware of other attempts at using additives 
in solution polymerization to address the phase separation problem. 
Chapter 4 
  68 
In the previous chapter, the effects of hydrophobic modifier (i.e. TFPM) 
addition on the properties of aliphatic random ionomers, i.e., ternary P(AN-co-GMA-
co-SPM) and quaternary P(AN-co-GMA-co-SPM-co-TFPM) ionomers, were 
discussed phenomenologically. The addition caused differences in the random 
ionomer structure, resulting in significant variations in several PEM properties. Such 
property changes could be attributed to the effects of TFPM repeating units on the 
phase separation behavior in the solid state when PEMs were formed from the random 
ionomers by standard membrane casting techniques. This chapter will examine the 
contributions of the hydrophobic (TFPM) and ionic (SPM) units in the 
thermodynamically-driven assembly of the random ionomers in solution to infer the 
phase separation in the solid state; which is difficult to characterize directly (Lantman 
et al., 1989). 
 
In this investigation, ionomers with systematic variations of the TFPM and SPM 
contents in the quaternary random ionomers were synthesized and characterized as 
much as possible to understand the early phase separation problem in ternary random 
ionomers at high ionic contents. To recap, the precipitation of the ternary random 
ionomers, P(AN-co-GMA-co-SPM), occurred during the free radical solution 
polymerization at relatively low SPM loadings (<12 mole %). The SPM content in the 
ionomer could, however, be increased by adding an appropriate amount of the 
strongly hydrophobic TFPM to the polymerization solution, forming the quaternary 
random ionomer P(AN-co-GMA-co-SPM-co-TFPM) as a result. The solution 
polymerization in this case could then proceed without precipitation driven by early-
phase separation. The assimilation of TFPM into the growing copolymer chains 
during polymerization could have altered the distribution of the ionic SPM units in the 
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copolymer backbone, consequently reducing the tendency of precipitation by 
aggregation of the ionic segments. This phenomenon of increasing the ionic content 
of a random ionomer via hydrophobic modifier insertion is counter-intuitive and has 
not been observed before. The findings from this investigation could therefore provide 
guidance for the design of random-ionomer membranes with high ionic contents. 
 
4.2 Experimental Method 
4.2.1 Synthesis of Random Ionomers and Membrane Fabrications 
 
The preparation of materials and membrane fabrication methods were the same 
as those described in the last chapter. The following sections will provide the details 
of additional characterization methods which were used for investigating the phase 
separation of random ionomers in solution. 
 
4.2.2 Additional Characterization Methods 
4.2.2.1 Viscosity  
 
The viscosities of random ionomer solutions in different solvent systems were 
measured by an Ostwald capillary viscometer thermostated at 23 ± 0.1 °C. Two 
solvent systems, namely pure DMF and a mixture of DMF and ethanol, were used to 
successively dilute a stock solution of random ionomer prepared in DMF (50 mg/mL) 
to concentrations in the range of 0.1 g/dL to 0.01 g/dL. The detailed procedure can be 
found in the literature (Yang et al., 2004b). 
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4.2.2.2 Zeta Potential  
  
 The zeta potentials of the ionomers in different water-ethanol mixtures were 
measured by a Zetasizer NanoZS (Malvern). For the measurements, 200 μL stock 
solution (in DMF) was added to 10 mL of a water-ethanol mixture (with one of the 
following ethanol contents (v/v): 0 vol.%, 20 vol.%, 40 vol.%, 80 vol.%, and 100 
vol.%) and stirred overnight at room temperature. 
 
4.2.2.3 Laser Light Scattering (LLS) 
 
Static light scattering (SLS) measurements were performed on a Brookhaven 
BI-200SM (Brookhaven Instruments Corporation) using a 30mW He-Ne laser with 
wavelength of 633 nm. The pinhole wheel opening was 2 mm. The measurement 
angles were varied from 30 º to 150º in steps of 15º. The weight average molecular 
weight ( wM ) of the random ionomers was determined by a software based on the 
Brookhaven-Zimm plot. Dilute solutions (1 – 10 mg/mL) of the ionomer samples (S0-
10, S5-10, S10-10, and S20-10) in DMF after passing through a 0.45 μm Millipore 
Millex
®
 HN filter were used for the measurements. A dilute solution of sodium 
poly(styrene sulfonate) in water with a wM  of ~70,000 was used as the control. 
 
Dynamic light scattering (DLS) measurements on a Zetasizer NanoZS 
(Malvern) were used to determine the size distribution of the micelles formed by 
adding the ionomer solution in DMF to water. The solutions of ionomers S0-10 and 
S20-10 in DMF were used as representative samples. The two ionomer solutions were 
used to prepare stable colloidal dispersions by adding them dropwise into an excess 
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pool of water with shaking. Each solution was then separately dialyzed in deionized 
water for 24 h to remove the DMF (Yu et al., 1996). The aqueous solutions prepared 
as such were kept sealed at room temperature before the SLS measurements. 
 
4.2.2.4 Transmission Electron Microscopy (TEM) 
 
 A JEOL 2100 microscope was used to obtain TEM images of the ionomer 
particles in the colloidal dispersions prepared above. TEM samples were prepared by 
dispensing a drop of the ionomer solution in water onto a TEM grid. 
 
4.2.2.5 Spectroscopic Analyses 
 
 The structures of the random ternary and quaternary ionomers, represented by 
S0-10 and S20-10 respectively, were examined by UV-Vis spectroscopy and NMR 
spectroscopy. The UV-Vis spectra of the monomer mixtures in the wavelength range 
of 190 to 400 nm before and after polymerization were recorded by a Shimadzu UV-
2450 spectrophotometer. 
1
H NMR spectroscopy of two selected solid ionomer 
samples was performed on a 500-MHz Bruker Avance 500 spectrophotometer. 
 
4.3 Results and Discussions 
4.3.1 Effects of Hydrophobic Modifier Addition on Phase Separation during 
Copolymerization 
 
During the synthesis of the ternary random ionomers in DMF, phase separation, 
which was indicated by the polymerization solution turning turbid, occurred when the 
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SPM content in the starting mixture was higher than 12 mole %. Depending on the 
starting mixture composition, phase separation could occur very early or much later 
during the polymerization (Table 4.1).  
  
Table 4.1 Phase separation behavior in the copolymerization of SX-Y random 




























S0-10 10/70/0 H H S 4 0.41 42 
S0-12 12/68/0 H T F - - - 
S0-14 14/66/0 T T F - - - 
S0-16 16/64/0 T T F - - - 
        
S5-10 10/65/5 H H S 2 0.45 26 
S5-12 12/63/5 H H S 8 0.60 41 
S5-14 14/61/5 T T F - - - 
S5-16 16/59/5 T T F - - - 
        
S10-10 10/60/10 H H S 2 0.34 16 
S10-12 12/58/10 H H S 7 0.46 36 
S10-14 14/56/10 H H S 2 0.56 47 
S10-16 16/54/10 T T F - - - 
        
S20-10 10/50/20 H H S 1 0.30 16 
S20-12 12/48/20 H H S 6 0.50 24 
S20-14 14/46/20 H H S 15 0.59 39 
S20-16 16/44/20 H H S 22 0.70 43 
S20-18 18/42/20 H H S 50 0.41 71 
H = homogeneous; T = turbid; S = success; F = failure 
* 
The mole fraction of GMA was fixed at 20 mole % in all batches of the monomer feed. 
 
 
Such phase instability was most likely caused by the clustering of the ionic SPM 
segments in the copolymer chains because no phase separation occurred during the 
polymerizations without SPM. Furthermore, self-aggregation is a common 
observation in the polymerization of SPM (Liaw et al., 1997). Interestingly, in the 
synthesis of the quaternary ionomer series in DMF, phase separation did not occur 
until the SPM content in the starting mixture was higher than 18 mole %. This finding 
led us to infer a benevolent role of the hydrophobic TFPM monomer. We hypothesize 
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that the presence of TFPM rendered a more uniform distribution of the ionic SPM 
segments in the copolymer backbone than the case without TFPM. The more uniform 
distribution of the SPM segments reduced the tendency for ionic clustering, and 
subsequently a higher solubility of the ionomer in the reaction medium was possible 
in the course of polymerization. 
 
The above polymerization systems are conceptually similar to a binary 
copolymerization system consisting of an AN type monomer and a methyl 
methacrylate (MMA) [CH2=C(CH3)OCOR] type monomer. GMA, SPM and TFPM 
are methacrylates with similar monomer reactivity ratios (Angela et al., 1987; Brar et 
al., 1998; Chi-Hao Chen, 1999). The relative reactivity ratios measured from the 
copolymerization of AN (1) and MMA (2) were 14.01 r  and 20.12 r  (Odian, 2004),  
suggesting that during the propagation of free radicals, the MMA radicals prefer to 
add a monomer of their own type, whereas the AN radicals prefer a MMA monomer. 
This kinetic preference would therefore result in longer MMA segments being formed 
very rapidly in copolymerization by the free radical mechanism (Odian, 2004). Based 
on this AN-MMA copolymerization model, it may be deduced that the three MMA-
type monomers used in the current synthesis would join the growing free radical 
chains faster than AN would, provided that steric hindrance and the polarity of the –
OR groups did not weigh in heavily on the copolymerization rate. This would be the 
case when the mole % of TFPM was zero or very low. Under such condition, there 
would be more possibility of extended MMA sequences (GMA and SPM) in the 
copolymer chains formed, resulting in poor solubility in DMF. On the contrary, for 
radicals with TFPM units on their growing ends; the SPM monomer addition was 
repelled because of the strong hydrophobicity difference between SPM and TFPM. 
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Therefore, SPM units could only be brought into the copolymer chains by AN or 
GMA radicals, and not by the TFPM radicals. The consequence of this is that the 
SPM units became more dispersed in the copolymer chains compared with the case 
without TFPM, thereby delaying the precipitation of the ionomer in the 
polymerization medium caused by the clustering of the ionic SPM segments. 
 
4.3.2 Influence of Co-monomer Distribution on Solution Behavior 
 
The structural change from a ternary random ionomer to a quaternary random 
ionomer due to the presence of TFPM in the copolymer backbone also led to changes 
in solvation behavior in good solvents. In this study, measurements of solution 
properties such as reduced viscosity, light scattering properties and zeta potentials, 
were also supplemented by TEM examinations of the polymer particles.  
 



















Figure 4.1  Reduced specific viscosity as a function of the random 
ionomer concentration at 22 ºC: ionomer S0-10 in DMF (Δ) and in a 
DMF/ethanol mixture (v/v=1) (▲); ionomer S20-10 in DMF (□) and 
in a DMF/ethanol mixture (v/v=1) (■). 
 
Chapter 4 
  75 
Figure 4.1 shows the reduced specific viscosity (ηred/c) – concentration plots of 
ternary P(AN-co-GMA-co-SPM) S0-10 and quaternary P(AN-co-GMA-co-SPM-co-
TFPM) S20-10 ionomers in two different solvents: DMF and a 1:1 (v/v) DMF/ethanol 
mixture (DMF was found to be a good solvent for all monomers except SPM. It is 
nevertheless a good solvent for the ionomers. Ethanol, on the other hand, is a poor 
solvent for the ionomers). The measured solution behavior is typical of the response 
of ionomers to changes in solvent polarity and concentration (Hara et al., 1988). 
 
Generally speaking, reduced viscosity (ηred) is a measure of the expandability of 
the polymer chains in a dilute solution. A good solvent therefore exhibits a higher 
reduced viscosity. The higher viscosities of the two ionomer solutions in the 1:1 
DMF/ethanol mixture in Figure 4.1 therefore suggests a greater expansion of the 
ionomer chains in this binary solvent mixture. This indication of stronger ionomer-
solvent interactions could be caused by the partial solvation of the SPM segments by 
ethanol and the full solvation of AN and MMA segments by DMF respectively. The 
cooperative solvation therefore expanded more polymer segments overall than it 
would be possible with ethanol or DMF alone. The association between the solvent 
molecules (both ethanol and DMF) and monomer units through van der waals forces 
and other intermolecular forces (e.g. hydrogen bonding or donor-acceptor 
complexation) could also cause a decrease in the mixing enthalpy to result in a higher 
reduced viscosity. The decrease in reduced viscosity with concentration may be 
understood in terms of chain entanglement - at high concentrations when coils of 
ionomer chains were closer to one another, the increasingly stronger ionic interactions 
between the ionic segments led to more chain entanglement. The increase in chain 
entanglement decreased the contact between ionomer and the solvent molecules and 
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the reduced viscosity was lower as a result (Hara et al., 1987; Loppinet et al., 1998). 
Between the S0-10 and S20-10 ionomers, the latter was less sensitive to the 
concentration-induced chain entanglement in both good and poor solvents (the S20-10 
trend lines are always above the corresponding S0-10 trend lines); showing higher 
reduced viscosities at higher concentrations. Since both of them had the same SPM 
content, the reduced chain entanglement in S20-10 must have been caused by more 
dispersed SPM segments. This is because a more uniform distribution of the SPM 
segments in the ionomer chains could more effectively oppose the proclivity for chain 
entanglement. 
 
 In a dilute solution, extensive solvation by the solvent molecules allows the 
copolymer chains to form into flexible coils. The solvation of random ionomers in a 
polar solvent depends on the solvent-accessibility of the ionic segments. Indeed, this 
was detected in the present work. Although the S0-10 and S20-10 ionomers were both 
negatively charged due to the cationic exchange nature of the SPM segments in the 
copolymer backbone; different magnitudes of charges were measured despite the 
same SPM content in both ionomers. This could be attributed to different extents of 
exposure of the SPM segments in the solvated copolymer coils to the solvent. Zeta 
potential measurements were therefore carried out to verify this point. 
 
 Figure 4.2 shows the zeta potential changes with the polarity of the 
ethanol/water solvent system. The zeta potential of the S0-10 ionomer in pure water 
was much more negative than that of the S20-10 ionomer. This implies that ionic 
clustering was more extensive in the S0-10 ionomer; consequently the hydrophilicity 
of SPM was not effectively shielded by the neighboring hydrophobic segments. As a 
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result, the S0-10 coils carried a thicker charged layer than the S20-10 coils in water. 
Dynamic light scattering measurements also supported this inference: a larger 
hydrodynamic volume was measured for the S0-10 ionomer in pure water (Figure 
4.3). TEM examination of the size and size distribution of the S-10 and S-20 ionomer 
particles also led to the same conclusion (Figure 4.4). 
 

























Figure 4.2 Zeta potentials of 1 wt% S0-10 (■) and S20-10 (▲) 
ionomers in an ethanol/H2O mixture. 
 
 
Figure 4.3 Size distribution of random ionomer aggregates formed 
in aqueous solution. The solid line is the Gaussian fit. 
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Figure 4.4  TEM images (50,000X magnification) of ternary 
random ionomer (S0-10) aggregates (A) and quaternary random 
ionomer (S20-10) aggregates (B) in aqueous solution after dialysis. 
The initial ionomer concentration was 1 wt.%. 
 
Measurements of the weight-averaged molecular weights ( wM ) of S0-10 and 
S20-10 ionomers by SLS (Table 4.2) also showed an increase in wM  with the 
increase in the mole fraction (X) of TFPM in the polymerization starting mixture. 
This could be caused by the reduction in the length of the SPM radical chains in the 
presence of TFPM. Shorter and more evenly distributed SPM segments in a growing 
copolymer chain would help prevent chain contraction by ionic clustering whereby 
the accessibility of the growing radicals is reduced. The longer life of the radicals 
therefore led to a higher wM . 
 












S0-10 10 0 930 
S5-10 10 5 1,580 
S10-10 10 10 1,620 
S20-10 10 20 2,300 
Poly(Styrene Sulfonate)*, 
Mw ~ 70,000 
- - 74 
(B) (A) 
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4.3.3 Structures of Ternary and Quaternary Random Ionomers 
 
The different polymer-solvent interactions in ternary P(AN-co-GMA-co-SPM) 
and quaternary P(AN-co-GMA-co-SPM-co-TFPM) ionomer solutions were first 
indications of their different polymer chain structures. The addition of a strongly 
hydrophobic TFPM monomer, bearing a strong electron-withdrawing group (-
OCH2CF2CHF2) and a weak donor group (-CH3) in its structure, could give rise to the 
selective rejection of the ionic SPM monomer and subsequently changed the 
copolymer structure (Raihane et al., 2006). UV-Vis spectroscopic and 
1
H-NMR 




Figure 4.5 UV-Vis spectra of AN monomer in DMF before 
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Figure 4.6 UV-Vis spectra of GMA monomer in DMF before 






Figure 4.7  UV-Vis spectra of TFPM monomer in DMF before 






*SPM is insoluble in DMF and hence could not be characterized by UV-Vis absorption  81 
The UV-Vis spectra of AN, GMA, and TFPM monomers shown in Figure 4.5 – 
4.7 share a number of common features: a strong absorption around 285 nm and a 
feeble shoulder at around 330 nm. The homo-polymerization of the MMA-type 
monomers* or their copolymerization did not bring about significant changes to the 
monomer spectral features (Figure 4.8). On the contrary, increase in the extent of 
homo-polymerization broadened the AN spectrum and increased its intensity. The 
increase in UV absorbance as well as spectral broadening could be understood in 
terms of the association of neighboring nitrile groups in the PAN chains, forming a 
C=N π electron conjugation system. This has been observed before (Pethkar et al., 
2001) and is shown schematically in the inset of Figure 4.5. 
 
 
Figure 4.8 UV-Vis spectra of (SPM-GMA-TFPM) monomer 
mixture in DMF before polymerization (□), after 1h of polymerization 
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Figure 4.9 UV-Vis spectra (at the λmax of AN) of the two 
copolymerization systems before and after 6 h of copolymerization: 
the monomer mixture S0-10 (○) and its partially polymerized product 






Figure 4.10   UV-Vis spectra of AN-GMA monomer mixture in 
DMF before polymerization (□), after 1h of polymerization (■), and 
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Representative samples from the two copolymerization systems (i.e., S0-10 and 
S20-10) were then examined by UV-Vis spectroscopy (Figure 4.9). The ~280 nm 
absorption was the same at the start of the reaction in both cases because the total 
monomer concentration was kept the same. In both systems, the absorption spectra 
were broadened after polymerization for 6 h indicating the formation of PAN 
segments in the two ionomers. Different from the PAN homo-polymerization, the 
~280 nm intensity was practically unchanged and this corresponds well with the 
characteristic of AN-GMA copolymerization (Figure 4.10). The extent of broadening 
in the two copolymerization systems was nearly the same even though the mole % of 
AN in the starting monomer mixture for S20-10 was ~ 70 % of that in the starting 
monomer mixture for S0-10. As the extent of broadening is relatable to the PAN 
segment length, the broadening in S20-10 even when AN was less available 
nevertheless suggests the formation of longer AN segments in this case (Pethkar et al., 
2001). This is possible if there was a reduction in the cross polymerization reactivity 
of AN radicals at the end of the growing chains, i.e. the radicals became less reactive 
towards the addition of MMA types of monomers. This is apparently caused by the 
presence of TFPM in the polymerization feed. It is theorized that the stabilization of 
the AN free radicals at the end of a growing chain by the strong nitrile dipole 
CH(C+N-) was intervened by charge repulsion when the pendant nitrile group 
was approached by the negative and bulky fluorinated propoxyl group of TFPM. The 
approach of the latter by the former could cause a polarization reversal in the –CN 
bond and reduced the dipole moment of the nitrile group. As a result, the radical 
became more electrophilic and was more inclined to add to monomer molecules of its 
own type.  
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H NMR spectra of ionomers formed from the S0-10 





H-NMR analysis of the above two ionomers revealed that the 
presence of TFPM in the copolymer backbone also caused down-field chemical shifts 
of the methylene moieties in the alkoxyl groups (-CH2-O-) (marked by c, h and o) of 
the three MMA-type monomer units (Figure 4.11). In the tertiary ionomer, the 
methylene groups (marked by c and h) underwent peak splitting (into three peaks) due 
to the magnetic coupling of neighboring –CH2- and CH- groups (Fig. 4.11-A). The 
assimilation of TFPM segments into the ionomer had caused more complicated 
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by o). This structural change is reflected by the broadening of these three NMR peaks 
(Fig. 4.11-B). More importantly, the down-field chemical shifts of these three peaks 
suggest a reduction in the electron density surrounding the methylene moieties (-CH2-
) in the alkoxyl groups. This could be due to better mixing of the AN segments with 
the three MMA-type segments in the ionomer chains. In addition, the miniature 
electric field created by the association of nitrile groups in each AN segment (Figure 
4.5) may also enhance the charge transfer from the methylene groups to the 
neighboring carbonyl groups in the MMA-type monomer units. Hence the down-field 
shift is an indication of a more uniform distribution of the AN and MMA-type 




 The possible reasons for the increase in the ionic content of the MMA-AN type 
random ionomers due to TFPM addition were inferred from a series of solution 
property measurements (reduced viscosity and zeta potentials), supplemented by 
spectroscopic (UV-Vis and light scattering) and microscopy data. It is suggested that 
repulsive interactions due to the hydrophobicity difference between TFPM and SPM 
helped to distribute the latter more uniformly in the ionomer backbone. As a result, 
the clustering of SPM segments causing the early phase separation problem in the 
synthesis of the ternary ionomers was effectively moderated. The TFPM addition also 
resulted in noticeably different solution behavior from that of the ternary random 
ionomers, mostly due to the modification of the solvent accessibility of the SPM 
segments; and possibly the effects of a more uniform distribution of the AN units. 
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CHAPTER 5 
 
DEVELOPMENT OF POLYMER ELECTROLYTE MEMBRANES 
BASED ON HYDROPHILIC COVALENTLY CROSS-LINKED 
ALIPHATIC DIBLOCK IONOMERS 
  
5.1  Introduction 
 
The design of ethanol-resistant PEMs for room temperature DAFCs in Chapter 3 
and Chapter 4 was solely based on aliphatic random ionomers. The addition of a 
strongly hydrophobic moiety (i.e., TFPM) to a ternary ionomer system P(AN-co-
GMA-co-SPM) was found to have successfully delayed an early phase separation 
problem in the ionomer synthesis. The resultant quaternary random ionomers, P(AN-
co-GMA-co-SPM-co-TFPM), with their higher sulfonic acid contents, showed 
significant improvements in proton conductivity. However, the use of a fluorinated 
compound such as TFPM in the copolymer formulation is not satisfactory from cost 
and environmental impact considerations. Furthermore, although the proton 
conductivity of the quaternary P(AN-co-GMA-co-SPM-co-TFPM) membrane is an 
improvement over that of the ternary P(AN-co-GMA-co-SPM) ionomer, the value 
itself is still lower than that of a Nafion
® 
membrane. Further increase in proton 
conductivity was not feasible because of the compensatory effect between proton 
conductivity and mechanical strength. This conundrum has prompted us to consider 
the alternative design of an ordered polymer structure from the same monomers which 
can in principle provide more controllability of the application properties. 
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As mentioned in the literature review, the development of aliphatic-based PEMs 
can benefit from rationally designed, molecularly engineered ionomer structures. Two 
strategies that fall under such considerations include: (1) well-ordered structures such 
as diblock (Erdogan et al., 2009; Lee et al., 2008), graft (Ding et al., 2002a) and 
multiblock (Elabd et al., 2004) polymers; and (2) proton-conducting cross-linking (Do 
Kyoung et al., 2008). The first strategy has been extensively applied to the aliphatic-
based PEMs. However, a high proton conductivity is often derived at the expense of 
reduced dimensional stability and excessive swelling when the membranes are fully 
hydrated (Tsang et al., 2007). The mechanical properties of these well-ordered 
ionomer membranes could be improved by adding a hydrophobic cross-linkable 
monomer into the block copolymer structure (Fisher, 2003). This mitigation measure, 
however, may reduce proton conduction because the hydrophobic cross-links often 
lead to a dense membrane structure with partial blockage of the hydrophilic channels 
(Hofmann et al., 2002). 
 
The second strategy is to make use of ionic cross-linkers such as SA so that the 
cross-links in the network are proton-conducting (Do Kyoung et al., 2008; Rhim et 
al., 2004). However, a cross-linked random polymer structure, regardless of the ionic 
character of the cross-links and the extent of cross-linking, would not provide the 
same connectedness as the hydrophilic channels of a well-ordered polymer structure. 
In addition, the ester groups in the ionic cross-links are hydrolysable by the acid 
moieties present in the PEM. Other than these approaches, mitigation of the proton 
conductivity-mechanical property trade-off in aliphatic-based PEMs is few and far 
between in the literature. 
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This part of the thesis study extends the P(AN-co-GMA-co-SPM) ternary 
ionomer system into a block ionomer design, and combines it with a covalent cross-
linking that is hydrophilic by nature and hence proton conducting. The design first 
and foremost leverages on the ordered structure of a block copolymer to magnify the 
hydrophobicity-hydrophilicity difference in the polymer molecule. This is done to 
drive a more pronounced microscale phase separation that forms the primary 
hydrophilic channels and the hydrophobic domains. Hydrophilic covalent cross-
linking is then applied to connect up the hydrophobic domains. Covalent cross-linking 
is used as it is more able to strengthen the membrane matrix against swelling and high 
liquid permeation. A particular feature of this design is that the cross-links are 
hydrophilic and are therefore able to support proton conduction. In fact, secondary 
hydrophilic channels are created where the cross-links are formed, and they may be 
considered as “waterways canals” within the integrated hydrophobic domains. The 
situation is therefore categorically different from the conventional cross-linking of the 
hydrophobic blocks which inevitably eliminates part of the proton transport network 
through isolation, and proton conduction through the membrane has to occur over a 
longer distance. The schematic diagram in Figure 5.1 illustrates the roles of the 
“waterways canals” in resolving the reduced connectivity of the hydrophilic channels 
whenever conventional cross-links are installed. The expected outcome is some relief 
of the conductivity-mechanical property conundrum. 
  
The actual implementation involved the synthesis of a series of SPM-based 
diblock ionomers consisting of a hydrophobic (AN-co-GMA) block and a hydrophilic 
(SPM) block by a one-pot ATRP technique in polar aprotic solvents. The selection of 
AN and methacrylates (SPM and GMA) was based on the structural stability and the 
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inherent alcohol resistance of a PAN-based network and methacrylates (Chiang et al., 
2003). Functionality for in-situ cross-linking was provided by inserting GMA units 
into the ionomers during the growth of the hydrophobic PAN blocks. In addition to 
the structural reinforcement effects generally expected from cross-linking (Fu et al., 
2008a), hydrophilic –OH and –NH– groups were formed in the covalent cross-
linking, which could be used to transport protons and water molecules through the 
“waterways canals”; therefore leading to an overall improvement in proton 
conduction without the compensatory effect between conductivity and mechanical 
properties. A higher energy density output from DMFC, especially at high methanol 
feed concentrations, was therefore made possible. 
 
 
Figure 5.1 Schematic illustration showing the secondary 
hydrophilic channels (“waterway canals”) made possible by the 
hydrophilic covalent cross-linking of the diblock ionomers. 
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 3-sulfopropyl methacrylate potassium salt (SPM, 98%), acrylonitrile (AN, ≥ 
99%), glycidyl methacrylate (GMA, 97%), copper(I) bromide (Cu
IBr, 98%), 2,2‟-
bipyridyl (bpy, 98%), 2-bromopropionitrile (BPN, 98%), ethylene diamine (EDA), 
ethylene carbonate (EC, 98%), dimethylsulfoxide (DMSO, HPLC-grade), diethyl 
ether (98%, AR-grade), methanol (99%, AR-grade),  and butanol (HPLC-grade) were 
supplied by Sigma-Aldrich. Sulfuric acid (95 – 97 %, pro-analysis) was obtained from 
Merck. The inhibitors in AN and GMA monomers were removed by passing them 
through an alumina column from Sigma-Aldrich. Cu
I
Br was purified according to the 
Keller-Wycoff procedure (Keller et al., 1946). All other chemicals were used without 
further purification. For the comparative experiments, Nafion
®
 112 and Nafion
®
 117 
films were purchased from Sigma-Aldrich. The following fuel cell electrodes from 
BASF Fuel Cell were also used: unsupported Pt:Ru alloy (1:1) anode with  5.0 
mg/cm
2
 of total metal loading and unsupported Pt cathode with 5.0 mg/cm
2
 of metal 
loading. 
 
5.2.2 Synthesis of Aliphatic Diblock Ionomers by a One-pot Atom Transfer 
Radical Polymerization (ATRP) Technique 
 
The diblock ionomers were synthesized by an ATRP technique (Matyjaszewski 
et al., 1997) with the minor modification that two solvents were used successively 
according to the reaction scheme in Figure 5.2. A mixture of 28.69 mg (0.2 mmol) of 
Cu
I
Br, 93.71 mg (0.6 mmol) of bpy and 15 g of EC (0.17 mol) was introduced to a 
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50-mL Schlenk flask. After vacuum degassing, the mixture was heated at 45 °C with 
stirring until it was completely molten. The solution was purged with Ar for 30 
minutes to remove oxygen, which could interfere with the polymerization by 
oxidizing the radical species and the Cu(II) catalyst. The AN and GMA monomers 
were also separately purged and introduced to the Schlenk flask together with a 
specified amount of BPN initiator by a syringe. The hydrophobic block 





































































Figure 5.2 Synthesis of P(AN-co-GMA)-b-SPM diblock ionomer 
by the ATRP technique. 
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The P(AN-co-GMA)-b-SPM diblock ionomers were prepared as follows: After 
the completion of hydrophobic block polymerization, a predetermined amount of Ar-
purged SPM solution (10 mmol, 2463.2 mg in 10 mL DMSO) was added to the 
mixture with a syringe. Hydrophilic block polymerization was then allowed to 
proceed at 65 °C for 20 h. The ionomer was then separated by precipitation in an 
excess of a diethyl ether/methanol mixture (40/60), filtered and dried in vacuum at 40 
°C for 24 h. The diblock ionomers prepared as such are identified as AxGyS-10, where 
x and y refer to the millimole of AN and GMA used in the starting mixture. The 
starting mixture also contained 4 mmole of GMA and 10 mmole of SPM respectively. 
For example, A50G4S-10 refers to the P(AN-co-GMA)-b-SPM ionomer synthesized 
from a starting mixture of 50 mmole of AN, 4 mmole of GMA, and 10 mmole of 
SPM. 
 
For demonstration of the criticality of the GMA monomer, a series of P(AN-b-
SPM) diblock ionomers were also similarly prepared and identified as AxS-10, where 
x refers to the millimole of AN used in the starting mixture with 10 mmole of SPM. 
For example, A50S-10 refers to the P(AN-b-SPM) ionomer synthesized from a starting 
mixture of 50 mmole of AN and 10 mmole of SPM. 
 
5.2.3 Membrane Formation and Pre-treatment 
 
A specified amount of the ionomer powder was dissolved in DMSO and stirred 
for 4 h at room temperature. A small amount (0.5 mmole, 33.3 μL) of ethylene 
diamine (EDA) cross-linker was added to the solution and stirred vigorously for 5 h at 
room temperature to initiate cross-linking by the ring-opening reaction of the epoxide 
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group of GMA upon curing. The solution was then decanted into a glass dish and 
cured at 80 °C for 48 h. A uniform transparent membrane was formed by this 
procedure which could easily be separated from the dish surface. The membrane was 
then equilibrated in 0.5 M sulfuric acid (H2SO4) for 24 h at room temperature.  
 
5.2.4 Characterization Methods 
5.2.4.1 Electrochemical Analysis 
 
The proton conductivities of the cast membranes were measured by the four-
probe method on an Autolab PGSTAT30 potentiostat/galvanostat equipped with an 
electrochemical impedance analyzer according to the procedures given in section 
3.2.4.1 (proton conductivity).  
 
5.2.4.2 Alcohol Permeability 
 
The procedure in section 3.2.4.2 was used to measure methanol and ethanol 
permeabilities of the diblock ionomer membranes at room temperature. 
 
5.2.4.3 Ion-Exchange Capacity (IEC), Alcohol and Water Uptake, and 
Dimensional Stability  
 
The ion exchange capacities (IEC), alcohol and water uptake of the membranes 
were determined by the procedures in section 3.2.4.3 (ion-exchange capacity and 
water uptake).  
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Alcohol uptake was calculated by the difference in weights between dry and wet 
membrane samples. The dry weight, mdry, was measured after a sample was placed in 
a vacuum oven at 80 °C for 24 h. The wet weight, mwet, was measured after 
equilibration of the dry sample in alcohols (methanol and ethanol) for another 24 h. 
The dimensional stability of the membranes was estimated by the differences in the 
three linear dimensions (length, width, and thickness) between dry and wet samples in 
the liquid uptake tests. 
 
5.2.4.4 Examination of Membrane Morphology 
 
The cross-section of the dry membrane was examined by FE-SEM on a JEOL 
JSM-6700F operating at 5 kV. All SEM samples had been vacuum dried at 70 °C for 
24 h before the examination. The cross-section was obtained by fracturing a sample 
membrane sample in liquid nitrogen. The SEM sample pretreatment involved Pt 
shadowing on a JEOL JFC-1300 auto fine coater at 10 mA for 60 s. 
 
5.2.4.5 MEA Preparation and DMFC Tests 
 
The preparation of MEAs using the cross-linked diblock membranes and 
Nafion
®
 117 membranes followed these procedures: For the diblock membrane, a 
sample was sandwiched between two 5 cm
2
 commercial electrodes and hot-pressed at 
90 °C and 16 kgf/cm
2
 for 60 sec. For the preparation of Nafion
®
 117-based MEA, hot-
pressing was carried out at 140 °C and 16 kgf/cm
2
 for 90 sec. The resulting MEAs 
were kept in tightly sealed containers before use. DMFC testing was carried out in a 
single microcell with an effective membrane area of 25 cm
2 
supplied by Fuel Cell 
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Technologies Inc. The feed to the cell was regulated by a micropump. For this study, 
the feed was methanol solutions in ultrapure water with the following concentrations: 
1.0 M, 2.0 M, 4.0 M, 8.0 M and 16.0 M. The methanol solution was delivered to the 
anode compartment at a fixed flow rate of 5 cc/min, whereas dry oxygen was fed to 
the cathode compartment at a fixed flow rate of 50 cc/min. The use of O2 than air is 
aimed to avoid the effect of electrodes on fuel cell test upon evaluating developed 
PEM and Nafion
®
. The DMFC performance was evaluated at two temperatures: 30 
and 50 °C. As part of the cell conditioning, the cell was rested in the open circuit 
condition for 30 min before measurements were taken. The evaluation of PEM 
performance was conducted on DMFC instead of DEFC due to the poor catalytic 
performance of ethanol at room temperature (Song et al., 2005), and hence it would 
not provide a fair contest between developed membranes and Nafion membranes.  
 
5.3 Results and Discussion 
5.3.1 Design and Synthesis of Diblock Ionomer Membranes with Hydrophilic 
Covalent Cross-links 
 
 The development of Nafion
®
-alternative membranes for DAFCs has been a 
challenge because of the compensatory effect between functional properties. This has 
affected most of the non-fluorinated hydrocarbon-based PEMs, and the aliphatic 
ionomer membranes are no exception. Mechanically strong membranes with good 
alcohol resistance are often accompanied by low proton conductivity, and hence poor 
fuel cell performance. Such a problem was also found in our alcohol-resistant PEMs 
based on aliphatic random ionomers. As shown in Chapter 3, strong membrane matrix 
and alcohol resistance are possible with some phase separation; at the expense of 
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proton conductivity. On the other hand, highly phase separated membranes would 
provide high proton conductivity, but their mechanical properties and alcohol 
resistance are less than satisfactory. Such trade-offs have prompted us to consider 
using molecularly engineered ordered ionomer structures to control the phase 
separation for property tuning. 
 
It has been hypothesized that high proton conductivity and good mechanical 
properties of many of the state-of-the art membranes are consequential upon an 
ordered polymer structure (Yang et al., 2005). In Nafion
®
, for example, the 
perfluorosulfonate side chains are grafted onto the poly(tetrafluoro ethylene)-main 
chains at nearly regular intervals. This unique chain structure, with large 
hydrophobicity-hydrophilicity difference between different parts of the polymer, 
drives phase separation upon hydration, forming extensively connected proton-
conducting channels throughout the membrane matrix (Mauritz et al., 2004). 
Similarly, alternative aliphatic PEMs prepared from an ordered polymer structure, 
such as the diblock, multi-block or branch/graft structure, also showed good PEM 
properties as a result of hydrophobicity-hydrophilicity-driven phase separation (Ding 
et al., 2002b). The extensiveness of the connectivity of the hydrophobic and 
hydrophilic domains is determined by the extent and the length scale of phase 
separation which should be dependent on the hydrophobicity-hydrophilicity 
difference in the ionomer.   
 
There are two hurdles in replicating a Nafion
®
-like architecture in non-
fluorinated hydrocarbon polymers such as aliphatic diblock ionomers with alternating 
hydrophobic and hydrophilic blocks. Firstly, the perfluorocarbon chains of Nafion
® 
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are far more hydrophobic than any other hydrocarbon chains. Hence the 
hydrophilicity-hydrophobicity driven phase separation in hydrocarbon-based 
ionomers would not be as extensive and would not occur at the same small length 
scale as that in Nafion
®
. The proton conducting channels in the former are therefore 
more tortuous and there is more likelihood for partial blockages (Elabd et al., 2006). 
Secondly, the C-H bonds in the backbone of diblock aliphatic polymers (i.e., acrylics) 
are weaker dipoles than the C-F bonds in Nafion
® 
polymers. Therefore, the length of 
the hydrophobic segment to the length of hydrophilic segment in backbone must be 
maintained within a certain range of values to achieve an adequately strong matrix 
while providing maximum phase separation (Ding et al., 2002a). 
 
In this part of the thesis study, a series of P(AN-co-GMA)-b-SPM diblock 
ionomers was used to replicate an amphiphilic chain structure. These ionomers were 
synthesized by an ATRP technique in a EC/DMSO dual-solvent system. Phase 
separation into bi-continuous hydrophilic and hydrophobic domains should be 
facilitated by the orderliness in a block structure with alternating hydrophobic and 
hydrophilic properties. In-situ cross-linking was introduced during membrane casting 
to form a covalently cross-linked network with hydrophilic character. To do so, 
GMA, a monomer with a functional side chain, was inserted into the PAN blocks 
during the ATRP synthesis of the hydrophobic block segment. A designated cross-
linker such as an organic diamine [R(NH2)2], EDA, was added to the casting solution. 
Upon drying the cast membrane, the reaction between the diamine molecules and the 
pendant epoxide groups of GMA established a covalently bonded network between 
the hydrophobic (PAN-co-GMA) blocks; allowing freestanding membranes to be 
made.  
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Table 5.1 Compositions and film-forming properties of AxS-10 and AxGyS-10 









Film formation without in-situ 
cross-linking 
Film formation after  in-
situ cross-linking 
A50S-10 50 - 10 Failed Failed 
A100S-10 100 - 10 Failed Failed 
A150S-10 150 - 10 Failed Failed 
A50G4S-10 50 4 10 Failed Success 
A100G4S-10 100 4 10 Failed Success 
A150G4S-10 150 4 10 Failed Success 
Acronym: AxGyS–Z; Acrylontrile Glycidyl methacrylate Sulfopropyl methacrylate 
x = mmol of AN monomer unit, i.e., 50, 100, 150. 
y = mmol of GMA monomer unit, fixed at 4 mmol. 




The in-situ cross-linking is a key feature in this PEM design. First and foremost, 
the cross-linked network helped to integrate neighboring hydrophobic blocks into a 
continuum, thus strengthening the membrane matrix. By comparison, the ionomers 
prepared from diblock P(AN-b-SPM) without GMA failed to form free-standing 
membranes (Table 5.1). The effect of cross-linking on the mechanical properties of 
the membranes has been discussed in Chapter 3. The reaction between the epoxide 
group of GMA and diamine formed not only the covalent aminoethanolic linkages but 
also hydrophilic –OH and –NH– groups that imparted a hydrophilic character to the 
cross-links. The association of the hydrophilic cross-links formed secondary 
hydrophilic channels (“the waterways canals”) in the integrated hydrophobic domains 
to support the transport of protons and water molecules across the hydrophobic 
domains. 
 
It is generally known that cross-linked PEMs improve the membrane 
dimensional stability and swelling resistance because of a more compact membrane 
structure (Fu et al., 2008b) which, however, increases the resistance to proton 
conduction. Proton conductivity is generally decreased by the increase in 
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hydrophobicity caused by covalent cross-linking which isolated some of the 
hydrophilic domains (Kerres, 2005). This issue could be addressed by hydrophilic 
covalent cross-linking which does not block the diffusion of water molecules and 
protons. It is hypothesized that the introduction of hydrophilic character in the 
covalent cross-links led to the creation of secondary hydrophilic channels in the 
integrated hydrophobic domains which were connected to the primary hydrophilic 
channels (Figure 5.3). They functioned as bypasses to shorten the proton transport 
paths between hydrophobic regions. 
 
 
Figure 5.3 Schematic illustration of the cross-linking between the 
hydrophobic PAN blocks and the formation of the secondary 
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5.3.2 Proton Conductivity 
 




























 (S cm/s) (%) (mmol/g) 
A50G4S-10 96 66 ± 2.7 12.7 5.0 97.9 1.15 
A100G4S-10 105 62 ± 3.0 8.2 7.6 32.8 0.87 
A150G4S-10 86 53 ± 2.5 5.3 10.0 56.2 0.70 
Nafion® 117 200 62 ± 3.0 11.6 5.3 30.0 0.90 
a
Test conditions:  23 °C and 70% RH 
^after acidification treatment (hydrated) 
* [MeOH] = 1M 
#
Characteristic factor  = (Proton conductivity)/(Methanol permeability) 
 
 
Table 5.2 shows the comparison of PEM properties between cross-linked 
diblock ionomer PEMs and a Nafion
® 
117 membrane. The high proton conductivity of 
the cross-linked diblock ionomer membranes can clearly be attributed to the ordered 
ionomer structure and hydrophilic covalent cross-linking. Both factors are considered 
equally important in supporting proton transport through the membranes. A previous 
study has shown how the blocks in ordered aliphatic ionomers may be designed to 
provide high proton conductivity through the creation of a continuous ionic cluster 
network (Tsang et al., 2007). However, the membranes made from such aliphatic 
block ionomers also swelled excessively in water. The gain in the freedom for 
segmental motion of the hydrophilic blocks also increased the mobility of the 
hydrophobic blocks; causing more frequent transitory chain entanglements across the 
domain boundaries. The resulting increase in the constriction and tortuosity of the 
hydrophilic channels explained the low IEC value measured experimentally. 
Furthermore, the highly swollen membranes, with their rather weak mechanical 
Chapter 5 
  101 
proprieties, could not form MEAs.  Hence the design of ordered ionomer structures 
should not be optimized only for a particular property but rather a cache of properties 
with additional considerations such as effective IEC and MEA manufacturability.  
 

































Figure 5.4 Arrhenius plot of proton conductivities of fully 





Figure 5.4 shows the Arrhenius plot of proton conductivities of the P(AN-co-
GMA)-b-SPM membranes and a Nafion
®
 117 membrane as a function of temperature. 
The proton conductivities of the cross-linked diblock membranes were comparable to 
that of the Nafion
®
 117 membrane over the temperature range indicated and increased 
with temperature. In some cases, a proton conductivity higher than Nafion
®
 was also 
possible. Figure 5.4 also highlights the relationship between proton conductivity and 
the composition of the diblock ionomers. It is apparent that proton conductivity 
decreased with the increase in the hydrophobic/hydrophilic ratio of the diblock 
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ionomer. Hence, the ionomer with the lowest hydrophobic/hydrophilic ratio, i.e., the 
A50G4S-10, formed a membrane with the highest proton conductivity. 
 
The dependence of membrane proton conductivity on IEC and water uptake is a 
well documented observation. A membrane with high IEC would be highly 
hydrophilic, and consequently absorbs the most water. This is to be expected since the 
affinity for water is increased by a large number of ionizable sulfonic acid groups in 
the ionomer.  The A50G4S-10 membrane, which showed the highest amount of water 
uptake in Table 5.2, followed exactly this trend as it also had the highest IEC. This 
can be attributed to a greater extent of phase separation in membranes made from 
ionomers with low hydrophobic/hydrophilic ratios. With an increasing extent of phase 
separation, a more connected and continuous network of hydrophilic channels could 
be formed to support the transport of protons. On the other end of the spectrum, for 
the membrane prepared from the largest hydrophobic/hydrophilic ratio, A150G4S-10, 
the connectivity of primary hydrophilic channels network was probably made lower 
by the long hydrophobic chains, which decreased the IEC and hence the associated 
hydrophilicity; thereby increasing the resistance to proton conduction. 
 
Table 5.3 Activation energies of cross-linked diblock ionomer membranes. A 
Nafion
®
 117 membrane is included for comparison. 
 
Membrane 
Activation Energies (Ea) 
(J/mole) (eV) 
A50G4S-10    9,203.6  0.095  
A100G4S-10    8,688.1  0.090  
A150G4S-10    7,299.7  0.076  
Nafion
®
 117    8,181.8  0.085 
a 
Test condition: 23 °C and 70% RH 
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The activation energies calculated from the Arrhenius plots of proton 
conductivity (Fig 5.4) are summarized in Table 5.3. The values for the cross-linked 
diblock ionomer membranes were all in the range of 0.076 to 0.095 eV; similar to the 
activation energy of Nafion
®
 117 (0.085 eV measured). Activation energy is 
commonly used to deduce the dominant mechanism for proton transport. For Nafion
® 
membranes the Grotthus mechanism is dominant if the activation energy falls within 
the range of 0.09 to 0.012 eV) (Pei et al., 2006b; Ramaiyan et al., 2008). Hence, the 
activation energy similar to that of proton transport in Nafion
® 
may be used to infer 
the predominance of the Grotthus mechanism in the diblock ionomer membranes. 
This could in turn be related to the structure and distribution of the proton transport 
channels, such as the domain-boundary structure shown in the electron micrographs 
of Figures 5.11 to 5.13. 
 
5.3.3 Liquid Uptake and Dimensional Stability  
 
Dimensional stability against liquid swelling is an important factor to consider 
in the fabrication of MEAs. Excessive membrane swelling due to a high liquid uptake 
can cause significant changes in the membrane dimensions that lead to the 
deconstruction of the MEA structure. A classic failure mode is the delamination of the 
catalyst layers from the membrane layer resulting in poor or no fuel cell performance. 
Delamination indicates poor interfacial adhesion between the electrodes and the PEM 
in a MEA. This problem is common in hydrocarbon-based PEMs where material 
properties can be significantly different from those of Nafion
®
 which is used as a 
binder in the electrodes.  
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Figure 5.5 Uptakes of different liquids by the cross-linked diblock 
ionomer membranes. A Nafion
®




Figure 5.5 shows the liquid uptake of the cross-linked P(AN-co-GMA)-b-SPM 
diblock ionomer membranes in comparison with the Nafion
®
 117 membrane. Relative 
to the latter, the cross-linked diblock ionomer membranes had higher water uptake but 
lower alcohol (methanol and ethanol) uptakes. The higher water uptake could be 
attributed to the strong hydrophilicity of the sulfonic acid group in SPM and 
hydrophilicity of the –OH and –NH- groups in the covalent cross-links. Among the 
diblock membranes, water uptake increased with decreasing hydrophobic/hydrophilic 
ratio. This is indication of the changes in water affinity which resulted in more severe 
membrane swelling. 
 
 In addition, the liquid uptake was also dependent on the type of alcohol 
solutions. Specifically methanol uptake was much lower than ethanol uptake. This is 
because relative to methanol, ethanol has a solubility parameter (δ) which is closer to 
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the solubility parameters of most hydrocarbon monomer units (e.g. styrenic, acrylic, 
halide, and aromatic), and hence it can better solvate the hydrophobic segments.  In 
addition, the reduced swelling of the cross-linked diblock membranes in alcohol 
solutions was expected, considering the poor solubility of acrylic polymers such as 
PAN (solubility parameter, δ = 12.7) and MMA (δ = 9.5) in both methanol (δ = 7.4) 
and ethanol (δ = 9.5) (Chanda et al., 2007). Indeed, the extremely low swelling in 
both methanol and ethanol solutions is similar to that of PAN-based proton exchange 
membranes (Pivovar et al., 1999; Rhim et al., 2004). Such improved swelling 

























Figure 5.6  Dimensional stability of the cross-linked diblock 
ionomer membranes in water. A Nafion
®




























Figure 5.7 Dimensional stability of the cross-linked diblock 
ionomer membranes in pure methanol (29.7 M). A Nafion
®
 117 

























Figure 5.8 Dimensional stability of the cross-linked diblock 
ionomer membranes in pure ethanol (20.6 M). A Nafion
®
 117 
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Figure 5.6 – 5.8 show the swelling of the cross-linked diblock ionomer 
membranes and a Nafion
®
 117 membrane in the in-plane (length (x) and width (y)) 
and through-plane (thickness (z)) directions in water and pure alcohols (methanol and 
ethanol). Swelling was the most severe for the A50G4S-10 (AN/SPM mole ratio = 
50/10) membrane. This membrane also showed the highest liquid uptake and swelling 
in comparison with the other two diblock membranes. It is postulated that A50G4S-10, 
with the shortest hydrophobic block in an ordered polymer structure, conduced the 
formation of wider hydrophilic channels in the membrane and a high connectivity of 
the hydrophilic domains. Consequently a larger amount of water could be 
accommodated. 
 
5.3.4 Alcohol Permeability 
 
Figure 5.9 and Figure 5.10 show, respectively, the methanol and ethanol 
permeabilities of the cross-linked diblock ionomer membranes and a Nafion
®
 117 as 
functions of alcohol concentration. The measured methanol and ethanol permeabilities 
of Nafion
®













respectively, and are in good agreement with the literature values. Except for the 
A50G4S-10 membrane, the cross-linked diblock membranes generally showed much 
greater alcohol resistance than the Nafion
®
 117 membrane. The relatively poor 
showing of the A50G4S-10 membrane could be attributed to excessive swelling caused 
by a higher proportion of sulfonic acid groups in this ionomer. In these Figures, 
alcohol permeability was found to increase with alcohol concentration for the Nafion
®
 
117 membrane.  
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Figure 5.9 Effect of methanol concentration on the methanol 
permeability of cross-linked diblock ionomer membranes. A Nafion
®
 


























































Figure 5.10 Effect of ethanol concentration on the ethanol 
permeability of cross-linked diblock ionomer membranes. A Nafion
®
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This trend may be attributed to the ease of swelling of Nafion
®
 in alcohols, 
thereby allowing alcohol molecules to be transported through hydrophilic domains in 
the membrane. However, the extent of swelling was found to be lower in the cross-
linked diblock ionomer membranes. Furthermore, the swelling characteristics in 
methanol and ethanol were completely different. While methanol concentration does 
not affect methanol permeability much, ethanol permeability was significantly lower 
at higher ethanol concentrations. These opposite trends could be understood in terms 
of solvent solvation effects. The hydrophobic (AN-co-GMA) block can be partially 
solvated by ethanol while the hydrophilic SPM block is completely solvated by water. 
Increase in ethanol concentration could therefore promote the segmental motion of the 
hydrophobic blocks through the ethanol solvation effect. On the other hand, the 
decrease in the water content at the same time would reduce hydration of the 
hydrophilic domains and hence the segmental motion of the hydrophilic blocks. It is 
noteworthy to point out that the decreased mobility of the hydrophilic blocks could 
also impede the segmental motion of the hydrophobic blocks; contravening the 
increase in hydrophobic mobility due to the ethanol solvation effect. For example, at 
high ethanol concentrations (e.g. 8M) the reduced water content in the hydrophilic 
domains constrained indirectly the segmental motion of the hydrophobic blocks, and 
inhibited the transport of ethanol molecules through the hydrophobic domains of the 
diblock ionomer as a result. However, at low ethanol concentrations, e.g. 1M, the 
water content in the solution was sufficient to cause excessive membrane swelling due 
to the hydrophilic-block-induced segmental movement of the hydrophobic blocks.  
 
Although the presence of water in PEM is critically important for proton 
transport, excess water can cause undue swelling and increase alcohol permeability. It 
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is generally known that swelling of the ionomer membranes in water and in aqueous 
alcohol solutions is due to the hydrophilicity of ionomers. Hence swelling is more 
severe the higher the hydrophilicity of the ionomer (i.e. a high sulfonic acid content). 
In general, alcohol permeability and water uptake of ionomer membranes are 
positively correlated. Nafion
®
 membranes, for instance, have been known to have 
high alcohol permeability and significant water uptake. High alcohol permeability 
could, in principle, be suppressed by designing an ionomer structure that minimizes 
water uptake and enhances the cohesive forces in the hydrophobic domains to oppose 
swelling.  
 
Nevertheless for the P(AN-co-GMA)-b-SPM diblock ionomer membranes; an 
alcohol permeability lower than that of Nafion
® 
was still possible at water uptakes 
much higher than Nafion
®
 (Table 5.2). These observations suggest that the diblock 
ionomer membranes have stronger intrinsic alcohol resistance, not only due to the use 
of alcohol-resistant constituents (PAN and acrylates) and hydrophilic covalent cross-
links, but also a domain structure through the di-block design). The domain structure 
imparted more regularity in the membrane structure through the formation of 
connected hydrophilic channels. Each domain consists of several AxGy blocks, in 
which strong association of the AN segments and covalent cross-linking bonds 
between the GMA units provided mechanical stability as well as low alcohol 
permeability. It has been demonstrated that a membrane which is cross-linked to 
constrain swelling can effectively also reduce alcohol permeation (Fu et al., 2008b; 
Pei et al., 2006c). Such was the benefit of hydrophilic covalent cross-linking in the 
current ionomer design. 
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5.3.5 Membrane Morphologies 
 
Electron microscopy was used to examine the membrane morphology; and from 
which to infer some the property changes in ionomers with different 
hydrophobic/hydrophilic ratios. From Table 5.2 one can conclude that room 
temperature proton conductivity and water uptake decreased with the increase in 
hydrophobic/hydrophilic ratio. A longer hydrophobic block, such as that in A150G4S-
10, is expected to form larger and more rigid hydrophobic domains and more likely to 
cause discontinuities in the hydrophilic domains. On the contrary, the A50G4S-10 
membrane with a shorter hydrophobic block would form less rigid hydrophobic 
domains and indirectly improved the connectivity and continuity of the hydrophilic 
domains.  
 
The hypothesis that the hydrophobic/hydrophilic ratio affected the formation of 
different ionic aggregates was tested by examining the cross-sections of the diblock 
PEMs with FE-SEM. The FE-SEM images in Figures 5.11 – 5.13 support our 
working hypothesis, showing distinctively the connectivity of the ionic-domains in 
each membrane.  
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Figure 5.11 FE-SEM images of the A50G4S-10 cross-linked diblock 










Figure 5.12 FE-SEM images of the A100G4S-10 cross-linked diblock 








Figure 5.13 FE-SEM images of the A150G4S-10 cross-linked diblock 
membrane at 50,000X (A) and 100,000X (B) magnifications. 
 
 
These images show the ionomer chains forming domain-boundary structures 
consisting of  phase separated, nodular hydrophilic domains (the dark regions) and 
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the hydrophobic domain size in the A100G4S-10 membrane was smaller and nanoscale 
(ca. 10-30 nm, as shown by the small marked window in Figure 5.12B) and was the 
result of the association of hydrophilic blocks during membrane casting. A red color 
thread is used in Figure 5.12B to show a small region of the continuous network of 
ionic aggregates in the A100G4S-10 membrane cross-section. On the other hand, 
networks of larger ionic aggregates (30-50 nm, as shown by the small marked window 
in Figure 5.13B) with some apparent discontinuities were spotted in the A150G4S-10 
membrane which has a longer hydrophobic block. 
 
5.3.6 MEA Fabrication and DMFC Performance 
 
The mechanical properties of PEM are often evaluated in terms of their ability to 
form freestanding membranes and to withstand the tensile measurements under 
certain test conditions. However, such ability does not directly translate into practical 
utility of the PEMs for fuel cell applications. It is current opinion that an important 
requirement for PEMs is their ability to be fabricated into a membrane electrode 
assembly (MEA); and the performance of that MEA in real fuel cell applications. The 
diblock ionomer membranes developed in this thesis study were therefore fabricated 
as the MEAs for DMFCs. While all of the ionomers could form freestanding 
membranes, the A50G4S-10 membrane was unable to form a MEA because of its high 
swelling characteristics and poor dimensional stability. The high water uptake in the 
hydrated A50G4S-10 membrane sample was unable to maintain any dimensional 
stability during MEA fabrication due to change in hydrophilicity. The loss of water 
due to hot-pressing and not polymer degradation resulted in a very brittle and easily 
fragmented membrane. 
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The performance of the MEA of cross-linked diblock membrane represented by 
the A100G4S-10 membrane was evaluated in a single-stack DMFC and benchmarked 
against the performance of a commercial Nafion
®
 117-based MEA under identical test 
conditions: an operating temperature of 30 °C and a feed of 4 M aqueous methanol 
solution to the anode (Figure 5.14).  

















































Figure 5.14 Performance of the A100G4S-10 cross-linked diblock 
ionomer MEA and a Nafion
®
 117 MEA tested in a DMFC running at 
30 °C with a 4.0 M methanol feed (flow rate: 5 cc/min for MeOH and 
50 cc/min for dry oxygen). 
 
It was found that both MEAs exhibited similar activation losses and ohmic 
resistance in the overall cell reaction. The A100G4S-10-based MEA, however, could 
deliver a slightly higher maximum power density. The improvement could be 
attributed to the better methanol blocking property of the A100G4S-10 membrane. The 
higher performance of the A100G4S-10-based MEA also prevailed at a higher 
operating temperature of 50 °C using feeds of different methanol concentrations at the 
anode and dry oxygen at the cathode. The difference between the power outputs of the 
A100G4S-10 and Nafion
®
 117 membranes was small except at very high methanol 
concentrations (i.e., 16M).  
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Figure 5.15 Maximum power density with different methanol feed 
concentrations at 50 °C. All tests were carried out after conditioning 
the cell for 30 minutes at the open-circuit condition (flow rate: 5 
cc/min for MeOH and 50 cc/min for dry oxygen). 
 
 
This trend is most apparent in Figure 5.15, which plots the maximum power 
density against the methanol concentration. Clearly, the Nafion
®
 117 membrane was 
unable to sustain the same fuel cell performance at high methanol concentrations in 
the feed, whereas the A100G4S-10 membrane had no such failing. The improvement at 
high methanol feed concentrations (above 2M) could be attributed to the better 
methanol blocking property of the A100G4S-10 membrane. It should also be mentioned 
that the thickness of the Nafion
®
 117 membrane was about double that of the diblock 





 112, with thickness of 50 μm, which is about one 
quarter of the thickness of the Nafion
®
 117 membrane) had experienced an even 
greater loss of power density (maximum power density of Nafion
®
 112 was 12 
mW/cm
2
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117 membranes were 41 mW/cm
2
 and 16 mW/cm
2 
respectively while the open circuit 
voltage (OCV) of A100G4S-10 and Nafion
®
 117 membranes were found to be about 
the same at 0.54 V. Hence, at high methanol feed concentrations, the power density 
loss should correlate with the methanol blocking ability of the membrane, and not to 




In summary, this chapter describes a new design for the fabrication of non-
fluorinated alternative PEMs for room temperature DAFCs. The cross-linked diblock 
PEMs were able to provide high proton conductivity and yet delivered good alcohol 
resistance. By combining the ordered polymer structure of diblock ionomers with 
hydrophilic covalent cross-linking, PEMs with primary hydrophilic domains and 
secondary “waterways canals” in the hydrophobic domains could be formed. 
Specifically, the diblock ionomers were synthesized by a one-pot ATRP procedure in 
polar organic solvents. In-situ cross-linking of the diblock ionomer chains during 
membrane casting was key to forming freestanding PEM with good mechanical 
properties and good proton conductivity (comparable to that of Nafion
®
 117). The 
hydrophobic/hydrophilic ratio was an important design parameter which determined 
both proton conductivity and fuel permeability of the membranes. It is obvious that an 
optimal hydrophobic/hydrophilic ratio in the ionomer design would exist that balances 
all the requisite PEM properties. The swelling and dimensional stability of the cross-
linked diblock ionomer membranes depended not only on polymer composition (and 






ONE-POT SYNTHESIS OF 3-SULFOPROPYL 
METHACRYLATE-BASED DIBLOCK IONOMERS AND THEIR 




Although random ionomers offer a simple and economical solution to the 
development of new PEM materials, the lack of molecular level control may affect the 
properties and the quality of the membranes in applications. Block ionomers, with a 
more customizable molecular structure and consequently the membrane morphology, 
is more able to provide improved and consistent PEM properties. Hence there have 
been reports on the use of block ionomers for the PEMs of DAFCs (Erdogan et al., 
2009; Li et al., 2007; Yang et al., 2005).  Block ionomers are generally synthesized by 
LRP methods such as the ATRP. A post-polymerization modification such as 
sulfonation is often applied to convert the functional groups into ionic groups 
(Matyjaszewski et al., 2001; Patten et al., 1998). This two-step approach naturally 
incurs a higher cost because of additional requirements for time, efforts and 
processing. On the other hand, current one-step approaches such as one-pot ATRP 
often encounter solubility problems because of the lack of a common good solvent for 
both the hydrophobic monomer and the ionic monomer (Hashidzume et al., 2002). 
Some progress has been made in this regard, for instance introducing water as a co-
solvent in one-pot ATRP (Qiu et al., 2001). However, this particular approach only 
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works satisfactorily for the synthesis of hydrophilic-dominant (i.e. high hydrophilic to 
hydrophobic mole ratio) ionomers such as SPM-based diblock ionomers (Masci et al., 
2004; Roland-Swanson et al., 2004; Tsarevsky et al., 2007). It is therefore highly 
desirable to develop one-pot ATRP procedures that can produce hydrophobic-
dominant SPM-based diblock ionomers which can better manage the balance between 
the transport properties and mechanical stability.  
 
Chapter 5 shows how the performance of the SPM-based random ionomer 
membranes in Chapter 3 as DAFC PEMs could be improved by a diblock polymer 
design with high hydrophobic-to-hydrophilic mole ratios (i.e. hydrophobic dominant) 
The PEM application properties were found to vary with the ionomer composition 
over a wide range of values. The results from membrane characterizations and 
application studies suggest the existence of some composition-property relationships. 
It is therefore the purpose of this Chapter to determine more systematically the 
contributions of the hydrophobic block (AN and GMA) and the ionic block (SPM) to 
the ionomer properties, especially on how these components with opposite polarities 
could affect the phase separation of the ionomers in solution. The findings are 
expected to provide useful guidance to improve the design of the ionomers for fuel 
cell applications and to develop reliable one-pot synthesis methods for the block 
ionomers. 
 
This Chapter therefore reports the optimization of the one-pot ATRP synthesis 
of SPM-based diblock ionomers and investigations of their phase separation behavior 
in solution. In the study, hydrophobic-dominant P(AN-co-GMA)-b-SPM diblock 
ionomers were synthesized by a one-pot ATRP technique carried out in an 
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EC/dimethyl sulfoxide (DMSO) dual-solvent system. The effectiveness in attaching 
ionic (SPM) blocks to hydrophobic (AN-co-GMA) blocks with different compositions 
was elucidated based on the characterization of the solution behavior of the resulting 
diblock ionomers by light scattering, ionic conductivity and zeta potential 
measurements, and electron microscopy. It was found that crew-cut aggregates of the 
diblock ionomers were formed prominently in the aqueous solution above the critical 
water content (cwc). 
 
6.2 Experimental Section 
6.2.1 Materials and Synthesis of Block Ionomers 
 
Materials preparation and synthesis methods were the same as those in Chapter 
5. The following sub-sections provide the details on additional characterization 
methods which were specifically used to evaluate the self-assembly of P(AN-co-
GMA) copolymers and P(AN-co-GMA)-b-SPM diblock ionomers in solution. 
 
6.2.2 Additional Characterization Methods 
6.2.2.1 Chromatographic Analysis 
 
The ATRP polymerization of (AN-GMA) was based on an established 
procedure described in the previous Chapter (Matyjaszewski et al., 1997). The 
conversion of (AN-GMA) into copolymers was followed as a function of 
polymerization time by analyzing the unreacted (AN-GMA) monomer concentration 
with GC. During polymerization, 1 mL samples were drawn from the schlenk flask 
using a glass syringe at predetermined time intervals (0, 0.5, 1, 3, 6, and 23 h) and 
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immediately precipitated by 2 mL THF. The resulting suspensions were filtered by 
0.45-μm Millipore Millex® HN filters (round-discs), and the filtrate compositions 
were analyzed on a Shimadzu GC-2010 gas chromatograph with flame ionization 
detector; using THF as an internal standard. The calibration standards were prepared 
as follows: A series of AN monomers (0.01519 – 6.076 mmol) with 4 mole % GMA 
was mixed with 2 mL THF (24.664 mmol), filtered, and then analyzed by the same 
GC instrument. 
 
The molecular weights ( wM , nM ) and the polydispersity index (PDI = 
wM / nM ) of the synthesized ionomers were determined by gel permeation 
chromatography (GPC) on a  Waters GPC system using Waters Styragel columns, a 
Waters-2487 dual wavelength UV detector and a Waters-2414 refractive index 
detector. DMF was used as the eluent at a flow rate of 1.0 mL/min. Ionomer samples 
precipitated from different polymerization times (0 - 21 h) were redissolved in DMF 
to a concentration of 1 mg/mL. The solutions after filtering by 0.45-μm Millipore 
Millex
®
 HN filters were stored in 1 mL sample vials ready for GPC analyses. 
Monodispersed PS standards ( wM  of 2,970; wM  of 13,700; wM  of 55,000; wM  of 
197,000; wM  of 1,370,000) were used to generate the calibration curves for GPC 
measurements. 
 
6.2.2.2 Spectroscopic Analysis 
  
 FT-IR spectra of the P(AN-co-GMA) copolymers and the P(AN-co-GMA)-b-
SPM diblock ionomers were recorded on a Shimadzu FTIR spectrometer using a KBr 
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6.2.2.3 Zeta Potential Measurements 
  
 The measurements of zeta potentials of the P(AN-co-GMA) copolymers and the 
P(AN-co-GMA)-b-SPM diblock ionomers in aqueous solutions were carried out on a 
Malvern Zetasizer NanoZS. The sample solutions were prepared as follows: deionized 
water (MilliQ) was added in batches of 100 μL to 3 mL ionomer solution in DMSO 
until the water content in the ionomer solution was ~ 50 – 100 vol.%. The water-
diluted solutions were dialyzed each with a dialysis membrane in deionized water for 
24 h to remove the DMSO solvent (Yu et al., 1996). The dialyzed aqueous solutions 
prepared as such were kept sealed at room temperature before the measurements. 
 
6.2.2.4 Laser Light Scattering (LLS) Measurements 
 
SLS measurements were carried out for solutions of P(AN-co-GMA) 
copolymers, blends of copolymers with hydrophilic P(SPM), and the diblock 
ionomers at 532 nm on a Brookhaven 90+ Goniometer system. The stock copolymer 
solutions were prepared by dissolving dried copolymers in DMSO to an initial 
concentration of 100 mg/mL. The stock solutions were then diluted stepwise with 
deionized water (MilliQ) to a concentration between 1 mg/mL and 50 mg/mL with a 
micro-syringe. Data were collected by monitoring the scattered light intensity at a 
thermostatted temperature of 25 °C±0.1 °C. 
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DLS measurements on a Zetasizer NanoZS (Malvern) were used to determine 
the size distribution of the micelles formed by adding the DMSO solutions of the 
copolymers or ionomers to water. The solutions of AxGy copolymers and AxGyS-Z 
ionomers in DMSO/water were used as representative samples. These copolymer 
solutions were used to prepare stable colloidal dispersions by adding them dropwise 
into an excess pool of water with shaking. Each solution was then separately dialyzed 
in deionized water for 24 h to remove the DMSO (Yu et al., 1996).  
 
6.2.2.5 Transmission Electron Microscopy (TEM) 
  
 A JEOL 2100 microscope was used to obtain the TEM images of the copolymer 
and diblock ionomer aggregates in the colloidal dispersions prepared above. TEM 
samples were prepared by dispensing a drop of the copolymer or ionomer solution (5 
mg/mL) in water onto a TEM grid followed by drying in air for a few minutes before 
the grid was placed into the vacuum chamber of the microscope. 
 
6.3 Results and Discussion 
6.3.1 Synthesis and Structure of P(AN-co-GMA)-b-SPM Diblock Ionomers 
 
In this part of the work, the one-pot synthesis of diblock ionomers was carried 
out in an EC/DMSO dual-solvent system (EC for the synthesis of the hydrophobic 
block and a mixture of EC/DMSO for the synthesis of the hydrophilic block). The 
synthesis of the diblock ionomers began with the polymerization of the hydrophobic 
(AN-co-GMA) block. This was carried out by ATRP in EC. It has been reported that 
although PAN is soluble in polar solvents such as EC, propylene carbonate (PC), 
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DMF, and DMSO, the polymerization rate was higher in EC (Matyjaszewski et al., 
1999). However, EC is a poor solvent for the ionic SPM monomer. The salt form of 
ionic monomers such an SPM is typically more soluble in polar aprotic solvents such 
as DMF, DMSO, or DMAc. In our reaction system, DMSO was chosen as the 
secondary solvent to dissolve the SPM monomer. The selection of this particular 
solvent was based on the following considerations: (1) the dissolution of the SPM 
monomer in DMSO was faster and (2) the reaction rate of AN in DMF was lower than 
that in DMSO (Matyjaszewski et al., 1999). This allowed the copolymerization of the 
second, hydrophilic block to be carried out in the same pot without any need for 
separation or purification of the first block after its construction was completed. This 
is clearly an advantage as it keeps the overall synthesis as simple as possible. 
 
The selection of the right solvent system for the reaction is the key to the 
success of any one-pot ATRP synthesis. The solvent must be able to dissolve the 
hydrophobic and ionic monomers as well as the ionomer products. Many past 
attempts on the synthesis of acrylic-based block ionomers by ATRP have depended 
on polar aprotic solvents such as DMSO or DMF (Liu et al., 2007; Masci et al., 2004). 
Water is often included as a secondary solvent, as most ionic monomers dissolve 
poorly in the aprotic solvents. However, the presence of water in the polymerization 
medium would limit the growth of the hydrophobic block, resulting in relatively short 
hydrophobic segments and low molecular weights of the product (Masci et al., 2004). 
Therefore, a waterless-solvent system is needed for synthesizing sufficiently long 
hydrophobic blocks in diblock ionomers. 
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In addition to these considerations which matter more to the execution of the 
synthesis, the basis for the selection of the monomers for the diblock ionomers has 
already been discussed in Chapter 5. The following is a detailed account of a 
successful ATRP system, including feed composition and processing conditions (i.e., 
reaction temperature and reaction time). 
 
6.3.1.1 Feed Composition  
 
 For the development of the diblock ionomers, the selection of monomers and 
their composition in the reaction mixture were initially based on the experience 
gained from the random ionomer systems (Chapter 3 and Chapter 4). The optimum 
composition for GMA in the hydrophobic (AN-co-GMA) block was therefore set at 4 
mole % of AN because any amount higher or lower than this value led to poorer PEM 
properties (Table 5.1). The optimum SPM content in the diblock ionomer system was 
likewise limited to 10 mole % of AN. This was determined primarily by the solubility 
of SPM in polar aprotic solvents such as DMF and DMSO (Section 4.3.1). The EC to 
DMSO mole ratio was set at 0.17:14 throughout the diblock ionomer synthesis. This 
particular solvent composition was used to ensure homogeneity of the reaction 
mixture throughout ATRP. 
 
6.3.1.2 Processing Conditions 
  
 The ATRP synthesis of P(AN-co-GMA)-b-SPM was run at 65 °C following the 
procedure developed by the Matyjaszewski group (Matyjaszewski et al., 1999). It is 
reasonable to assume that at this temperature the C-Br bond of the BPN initiator is 
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adequately activated to sustain a faster catalytic cycle, resulting in higher AN 
conversions. A higher reaction temperature could not be used because of the low 
boiling point of AN at 77 °C.  
 
 
Figure 6.1  Time course of monomer conversion (●) and the 
logarithm of monomer consumption (■) in (AN-GMA) synthesis at 
65 °C in EC via ATRP. The monomers at the start of the reaction had 




 Reaction time is of course an important parameter in the ATRP process. Figure 
6.1 shows the conversion of the (AN-GMA) monomer with reaction time. As 
expected, conversion increased with time and reached 65% in about 6 h. Visually, the 
reaction mixture turned from an initially dark red color solution to a green solution 
after approximately 2 h. The color change is an indication of a sufficient progress of 
polymerization (Matyjaszewski et al., 1999). However, in determining the optimum 
time for reaction, one should consider the polydispersity index (PDI) of the polymer 
in addition to just monomer conversion. 
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Figure 6.2  Average molecular weight, nM  (■) and polymer 
dispersity index, PDI (○) of (AN-GMA) synthesized at 65 °C in EC 
via ATRP as a function of time. The reaction mixture had the initial 
ratio [AN]o/[GMA] o/[RX]o/[CuX]o/[bpy]o = 100/4/1/0.1/0.3. 
 
 
Figure 6.2 shows the nM  and PDI as a function of time. Molecular weight 
( nM ) increased expectedly with time while the polydispersity remained low 
throughout the reaction, suggesting the fulfillment of “living polymerization” in the 
synthesis of PAN. Figure 6.2 also shows that the lowest PDI with a relatively high 
nM  occurred at 6 h. On the basis of Figure 6.1, 6h of polymerization was sufficient 
for the synthesis of the hydrophobic (AN-co-GMA) block under our experimental 
conditions. The synthesis of the hydrophilic SPM block took another 20h after the 
completion of the hydrophobic block. As there was no suitable solvent for the diblock 
ionomer for GPC measurements, the molecular weight of the diblock ionomer was 
approximated by the molecular weight of the hydrophobic (AN-GMA) copolymer 
(about 40,000). The error involved is unlikely to be excessive since the mole fraction 
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of hydrophilic SPM units in the monomer feed was one tenth of that of the AN and 
GMA monomers.   
 














































The FT-IR spectra of the P(AN-co-GMA)-b-SPM diblock ionomers are shown 
in Figure 6.3. The presence of SPM in the ionomers was confirmed by the 
characteristic IR absorptions at 1100 and 1200 cm
-1
 from the S=O stretching 
vibrations of the sulfonic acid group. The strong IR absorption at 1760 cm
-1 
could be 
assigned to the C=O (carbonyl) stretching vibration from the acrylate groups in GMA 
and SPM. The IR absorbance at 1760 cm
-1
 also increased with increasing hydrophobic 
segment length in the diblock ionomers, possibly due to the association of 
neighboring nitrile groups, which limited the dipole-induced dipole interactions with 
the acrylate groups. As a result of changes in the dipole moment, the C=O stretching 
vibration became more intense in the A150G4S-10 diblock ionomer.  All in all FTIR 
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Figure 6.4 Zeta potential as a function of the concentration of: 




The zeta potentials of hydrophobic P(AN-co-GMA) copolymers and diblock 
ionomers in water are compared in Figure 6.4. The negative zeta potential of 
hydrophobic copolymers was due to surface charge acquired by the adsorption of ions 
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contributed to additional negative charge on the ionomer. The more negative zeta 
potentials of the AxGy-S10 diblock ionomers were consistent with the observation of 
more stable colloidal solutions for the diblock ionomers.  
 
Figure 6.4 also shows that at the same ionomer concentration, the ionomer with 
the lowest hydrophobic/hydrophilic ratio, i.e. A50G4S-10, exhibited the most negative 
zeta potential. Since zeta potential is an intensive property, it is independent of the 
total number of colloidal particles in the system and depends rather on the surface 
charge density and double layer thickness. The zeta potential was more negative for 
the A50G4S-10 colloidal particles because it has the highest ionic content among the 
three diblock ionomers. Consequently the colloidal particles of A50G4S-10 would 
have, on the average, a thicker charge layer than those on the colloidal particles of the 
other two ionomers. In addition, a shorter hydrophobic block of A50G4S-10 also 
promotes chain conformations that favor attractive interactions and eventually chain 
contraction, and increases the local concentration of the ionic SPM block as a result. It 
is known that in a solvent, which is a good for one block but a precipitant for another 
block, block ionomers tend to form aggregates. In water, the aggregation will form a 
core of hydrophobic blocks with the hydrophilic blocks as the soluble corona shell. 
The more negative zeta potential resulted in the formation of more stable aggregates 
in the aqueous solution, which affected the phase separation of the ionomers in 
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6.3.2 Phase Separation Behavior of P(AN-co-GMA)-b-SPM Diblock Ionomers 
in DMSO/Water Mixtures 
 
In this work, the hydrophobic-dominant P(AN-co-GMA)-b-SPM diblock 
ionomers were synthesized by appending ionic SPM blocks to the “living” 
hydrophobic (AN-co-GMA) copolymers in a one-pot ATRP procedure. The 
successful incorporation of a SPM block to the (AN-co-GMA) block imparted 
solubility to the product ionomer in THF, which would otherwise precipitate the PAN 
homopolymers or the P(AN-co-GMA) copolymers easily. The precipitation of AN 
and its copolymers in THF solvent due to poor solubility of acrylics in this solvent has 
been reported previously (Liu et al., 2007).   
 
While the P(AN-co-GMA)-b-SPM diblock ionomers were completely soluble in 
polar organic solvents such as DMF, DMSO and DMAc; they were insoluble in pure 
water. Nonetheless both the hydrophobic copolymers and the ionomers could still be 
solubilized by water if they were dissolved in an organic solvent first. In this case an 
insoluble monolayer thin film was formed on the surface of water. This result was 
consequential upon the poor affinity between the long hydrophobic block in the 
diblock ionomer and water molecules. In the solution interior spontaneous phase 
separation occurred by folding in the hydrophobic chains in the presence of water to 
minimize the total free energy of the system. At the air/water surface monolayer thin 
films were formed by the same driving force. We hypothesize that the relatively short 
hydrophilic (ionic) block in the di-block ionomer still resulted in a net hydrophobicity 
in the P(AN-co-GMA)-b-SPM diblock ionomers. The solubilization behavior of the 
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ionomers was therefore more similar to that of the P(AN-co-GMA) hydrophobic 
copolymers. 
 
In the case of aggregate formation, the samples were first dissolved in a water-
miscible solvent with good solubility for both the hydrophobic and the hydrophilic 
blocks. The polar aprotic organic solvent DMSO was chosen in this case (Yu et al., 
1996; Yu et al., 1997; Zhang et al., 1997). Since water is a good solvent for the ionic 
SPM block but a precipitant for the hydrophobic (AN-co-GMA) block, adding water 
to DMSO would progressively reduce the solubilization power of the organic solvent. 
As a result, aggregation of the diblock ionomers occurred in the DMSO/water system, 
as shown by a sudden increase in the particle counts in light scattering measurements. 
On the contrary, spontaneous aggregation and not agglomeration leading to 
immediate precipitation was observed when water was added to a hydrophobic P(AN-
co-GMA) copolymer solution in DMSO. 
 
Figure 6.5 and Figure 6.6 show, respectively, the measured scattered light 
intensities of P(AN-co-GMA) copolymer solutions and P(AN-co-GMA)-b-SPM 
diblock ionomer solutions in DMSO/water mixtures as a function of the water 
content. The trend within each polymer family was the same. When the water content 
was relatively low in the solutions, the intensity of the scattered light was low and 
relatively unvarying. It only increased rapidly after the water content exceeded certain 
threshold value. The sudden increase in scattered light intensity was an indication of 
the inception of aggregation. In the case of the P(AN-co-GMA) copolymer solutions, 
the increase was more abrupt due to the collapse of the copolymer chains leading to 
immediate precipitation. 
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Figure 6.5 Scattered light intensities as a function of H2O addition 
to the DMSO solution of P(AN-co-GMA) copolymers: A50G4 
copolymer/DMSO (A), A100G4 copolymer/DMSO (B), A150G4 
copolymer/DMSO (C). 
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Figure 6.6 Scattered light intensities as a function of H2O addition 
to the DMSO solution of P(AN-co-GMA)-b-SPM diblock ionomers: 
A50G4S-10 ionomer/DMSO (A), A100G4S-10 ionomer/DMSO (B), 
A150G4S-10 ionomer/DMSO (C). 
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On the contrary the solutions of P(AN-co-GMA)-b-SPM diblock ionomers were 
still quite stable after phase separation and the formation of stable aggregates. It is 
known that hydrophobic blocks tend to form tight aggregates in water because of the 
strong hydrophobic interaction between them (known as the hydrophobic effect 
(Tanford, 1973)), whereas the hydrophilic (ionic) blocks tend to separate from each 
other because of the strong electrostatic repulsion between like charges; and dissolve 
in water (Hashidzume et al., 2006). These opposing forces drove the phase separation 
in the ionomer solution, forming stable aggregates which were indicated by the 
sudden increases in the scattered light intensity in our measurements. 
 
For all of the diblock ionomers, the scattered light intensity increased rather 
uneventfully with the amount of water added until the critical water content (cwc) was 
reached. The cwc was marked by a sudden jump in the scattered light intensity 
followed by more gradual increases, thereafter cwc was different for different 
ionomers and different ionomer concentrations. Experimentally it was found that the 
length of the hydrophobic block and the ionomer concentration were both critical to 
the phase separation of the ionomer in solution. In all of the diblock ionomers, the 
cwc shifted to lower values at higher ionomer concentrations, suggesting that 
aggregate formation occurred more easily in concentrated ionomer solutions with 
relatively little water addition. At higher ionomer concentrations, the ionomer chains 
were more closely packed resulting in stronger hydrophobic interactions and 
hydrophobic effects. Conversely the ionomer chains were more extended at lower 
ionomer concentrations thereby shifting the cwc to higher values.  
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Figure 6.6 also shows that the shift of the cwc with increasing starting ionomer 
concentration was much sharper for the A50G4S-10 diblock ionomer in DMSO. For 
ionomers with a longer hydrophobic segment length such as A100G4S-10 and A150G4S-
10, phase separation occurred more gently with the increase in starting ionomer 
concentration. This is to be expected since with a longer hydrophobic block, the 
ionomer chains in solution could remain soluble at higher water contents with fewer 
tendencies to form inter-chain entanglements. 
  
The size distributions of P(AN-co-GMA) copolymer aggregates and  P(AN-co-
GMA)-b-SPM diblock ionomer aggregates; formed by adding the DMSO solutions to 
water and measured by DLS, are shown in Figure 6.7 (A). The stable aggregates 
formed in the A50G4S-10 ionomer solution had a size range from 30 nm to 105 nm. 
The aggregates formed from a physical blend of the A50G4 copolymer and the P(SPM) 
ionomer were much bigger, with an average diameter of ~ 120 nm. The latter was 
used as the control to confirm that the SPM units had been integrated with the (AN-
co-GMA) backbone to form diblock AxGyS-Z ionomers by the one-pot ATRP 
technique. Figure 6.7 (B) shows significantly smaller “particles” from the unimodal 
size distribution of the A50G4S-10 ionomer than from the other two ionomers in water. 
The smallness in size indicates that particles were well-separated tiny aggregates in a 
stable colloidal aqueous solution.  
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Figure 6.7 Size distribution of aggregates formed upon water 
dilution of the DMSO solution. Comparisons between the A50G4 
copolymer, blend of the A50G4 copolymer and hydrophilic P(SPM) 
ionomer, and the A50G4S-10 diblock ionomer (A); Comparison 
between diblock ionomers (B). An initial copolymer concentration of 
10 mg/mL was used in all samples. 
 
 
On the contrary, much larger “particles” were formed by the aggregation of the 
diblock ionomers with shorter hydrophobic blocks (A50G4S-10 and A100G4S-10) in 
water. When particles were formed in water initially, the ionomer coils with shorter 
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hydrophobic blocks should have a thinner surface charged layer than the ionomer 
coils with longer hydrophobic blocks. The consequence of a thinner surface charge 
layer was the ease of aggregation. A greater extent of aggregation led to the formation 
of larger ionomers particles.  
 
The stability of these colloidal solutions corroborated these measurements: the 
A100G4S-10 and A150G4S-10 diblock ionomers would form aggregates in water visibly 
after about 24 h, whereas the A50G4S-10 diblock ionomer showed no sign of any 
sedimentation even after a month of storage. The different aggregation behavior 
among the AxGyS-10 diblock ionomers was expected since they contained different 
hydrophobic (AN-co-GMA) segment lengths. It is hypothesized that aggregation 
started when the hydrophilic SPM blocks of A100G4S-10 and A150G4S-10 diblock 
ionomers were fully solvated in the aqueous solution, leaving the long hydrophobic 
(AN-co-GMA) blocks exposed to neighboring ionomer aggregates for stronger 
hydrophobic interactions. The aggregation of A100G4S-10 and A150G4S-10 diblock 




Figure 6.8 TEM images of the diblock A100G4S-10 (A) and 
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Figure 6.9 TEM images of aggregates of A50G4 copolymer (A); a 
blend of the A50G4 copolymer and A50 ionomer (B); the diblock 
A50G4S-10 ionomer (C) in water. 
 
 
The TEM images in Figure 6.9 confirmed that phase separation occurred when 
the DMSO solutions of the hydrophobic P(AN-co-GMA) copolymers and the P(AN-
co-GMA)-b-SPM diblock ionomers were added to water. Larger and irregularly 
shaped aggregates were formed from the phase separation of the A50G4 copolymer 
and the phase separation of a mixture of the A50G4 copolymer and a hydrophilic 
P(SPM) homopolymer (Figure 6.9 (A) and 6.9 (B)). The similarity in appearance was 
due to the dissolution of the hydrophilic P(SPM) homopolymer in water; leaving 
behind only the same hydrophobic A50G4 copolymer aggregates. On the other hand, 
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aggregates; as shown in Figure 6.9 (C). Spherical (crew-cut) aggregates are 
commonly observed in the aggregation of block ionomers and ionic surfactant in 
aqueous solution and in the current case, confirmed the presence of ordered 




This chapter provides additional details about the synthesis of new hydrophobic-
dominant SPM-based diblock ionomers by a one-pot ATRP technique in a EC/DMSO 
dual solvent system. The addition of a hydrophilic SPM block to a pre-synthesized 
(AN-co-GMA) block was confirmed by FT-IR and zeta potential measurements. It 
was found that only the A50G4S-10 diblock ionomer solution underwent phase 
separation, forming stable crew-cut aggregates in aqueous solution at the cwc. On the 
contrary, the A100G4S-10 and A150G4S-10 diblock ionomers underwent aggregation. 
Representative particle size distributions measured by SLS and TEM were mutually 
consistent and confirmed the different aggregation behaviors of AxGyS-10 diblock 
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CHAPTER 7 
 





The demand for increased functions and mobility in personal electronic products 
such as notebook PCs and mobile phones requires a new generation of extended-use 
portable power sources. Although rechargeable batteries are currently the most 
advanced portable power sources, their usability is limited by the need for frequent 
recharges which require both time and accessibility to an AC power source. DAFCs 
are a promising alternative since they can be recharged anyplace at anytime through 
simple refueling. However, DAFCs have not yet reached technological maturity 
because of a number of significant technical challenges. Some of these challenges 
also contribute to a relatively high fuel cell cost. One of the critical components of 
any DAFC is the PEM, which determines the fuel cell performance and affects fuel 
cell efficiency, cost, and durability. For DAFC applications, the PEM needs to fulfill a 
number of opposing requirements that exceed the specifications of many of the PEMs 
on the market today. It is the objective of this thesis project to design, synthesize and 
fabricate new PEMs for room temperature DAFC applications which perform better 
than the fluorosulfonate-based membranes in more than one area. Aliphatic ionomers 
were chosen because they are inherently more cost-competitive. These ionomers were 
synthesized in two different polymer configurations, namely random and block 
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ionomers, to investigate the effects of polymer composition and polymer structure on 
the resulting membrane performance. The major findings from this PhD study are 
summarized below: 
 
1. The first part of the study focused on ethanol-tolerant PEM designs based on 
random ionomers. Two series of new aliphatic random ionomers, namely ternary 
P(AN-co-GMA-co-SPM) and quaternary P(AN-co-GMA-co-SPM-co-TFPM) 
copolymers, were synthesized by a simple free-radical solution polymerization in 
DMF. In-situ cross-linking was introduced during membrane casting by adding a 
calculated amount of EDA to the ionomer solution. The cross-linking reaction, 
the reaction between the diamine and the pendant epoxide group of GMA to 
establish a hydrophilic covalently cross-linked network allowing the formation of 
freestanding membranes. The membrane matrix after covalent cross-linking 
strengthening exhibited stronger ethanol resistance than the commercial Nafion
®
 
membranes. The introduction of the strongly hydrophobic TFPM in the 
quaternary ionomers also increased the proton conductivity to an acceptable level 
while providing low ethanol crossover and sufficient mechanical strength relative 
to the commercial Nafion
®
 117 membrane. 
 
2. The benevolent modification effects of the addition of a hydrophobic modifier 
(TFPM) in the quaternary random-ionomer membranes were then investigated. It 
was found that the introduction of strongly hydrophobic TFPM during solution 
polymerization of quaternary random ionomers significantly increased the ionic 
SPM content in the ionomers by delaying an early precipitation problem in 
solution polymerization due to caused by ionic clustering. This rather counter-
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intuitive modification could be attributed to the greater hydrophobic-hydrophilic 
difference between TFPM and SPM units, resulting in the magnification of the 
repulsive interaction between TFPM and SPM units during solution 
polymerization. The TFPM addition also resulted in a more uniform distribution 
of the ionic SPM segments in the copolymer backbone, thereby reducing the 
propensity for and extent of ionic clustering. Thus, the problem of early phase 
separation was suppressed to a good extent. This method of preparation is 
therefore recommended for the synthesis of random ionomers with high ionic 
contents. 
 
3. The random ionomers membranes developed in the first part of the study, 
however, could not be further improved without the trade-off between functional 
properties – most notably between proton conductivity and mechanical stability. 
We therefore turned to a more ordered polymer structure based on non-
fluorinated diblock ionomers. The new design and new synthesis method were 
able to replicate some desirable features of Nafion
® 
membranes (proton 
conductivity and mechanical strength) and yet provided enhanced alcohol 
resistance. In-situ cross-linking of the diblock ionomer chains during membrane 
casting was used to form freestanding PEMs with high proton conductivity 
(comparable to that of Nafion
®
 117) without noticeable compensatory effect in 
other PEM properties. The avoidance of the common trade-off could be 
attributed to the use of a covalent cross-linking which is hydrophilic in 
character. Further investigations revealed that both the proton conductivity and 
alcohol permeability of these new membranes are dependent on the 
hydrophobic/hydrophilic ratio in the ionomer design. 
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4. The improvements brought about by an ordered polymer structure (such as the 
diblock ionomers) in the membrane design, i.e., increased proton conductivity 
without loss of alcohol resistance, can be attributed to the phase separation of the 
diblock ionomers in the solid state upon membrane casting, which was inferred 
from the phase separation behavior of the ionomers in non-solvents. The first 
finding was that the one-pot ATRP synthesis of the ionomer still produced SPM-
based diblock ionomers. The solution behavior of the products of the one-pot 
synthesis suggests the formation of ordered diblock ionomers, as shown by the 
formation of crew-cut aggregates at cwc in water. The representative particle-size 
distributions measured by DLS and TEM were all consistent with one another and 
showed the dependence between phase separation and the ionomer structure in 
solution. 
 
7.2 Recommendations for Future Work 
7.2.1 Other Applications of Hydrophilic Covalently Cross-linked Diblock 
Ionomer Membranes 
 
We have demonstrated that better membranes could be designed with an ordered 
polymer structure and hydrophilic covalent cross-linking, even with low-cost aliphatic 
monomers. The combination of an ordered polymer structure and hydrophilic 
covalent cross-linking could mitigate many of the trade-off issues in the current PEM 
design. The exceptionally low ethanol crossover of the cross-linked diblock 
membrane relative to the commercial membranes (Nafion
®
 117 was selected as the 
best in class for benchmarking) indicates that these membranes are particularly suited 
for DEFC applications. Another promising application for the cross-linked diblock 
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ionomer membranes could be water-alcohol separation such as alcohol dehydration. 
Hydrophilic membranes are commonly used for the dehydration of alcohols 
containing a small amount of water whereas hydrophobic membranes are used for the 
removal/recovery of traces of alcohols from aqueous solutions. Many of the 
commercially successful pervaporation membranes today are based on PVA. The high 
water-to-alcohol selectivity is a clear advantage of these membranes. However, high 
membrane swelling of hydrophilic PVA in water often leads to a weak membrane 
structure in dilute alcohol solutions and places a practical limit on their applications. 
With considerably high water uptake but low alcohol uptake, the mechanically strong 
diblock ionomer membranes can be used as the alternative to PVA-based membranes. 
  
7.2.2 Development of Hydrophilic Covalently Cross-linked Diblock Ionomer 
Membranes for Medium-Temperature DAFCs 
 
Medium-temperature DAFCs are under consideration because of the 
ineffectiveness of current anode catalysts. The cross-linked diblock membranes in the 
present form are not optimized for elevated-temperature operations or strong chemical 
stability. These challenges can be addressed in principle by replacing the existing 
components with more stable monomers, such as methacrylonitrile (MAN) instead of 
AN monomers (Figure 7.1). The main disadvantage of AN and other industrial vinyl 
monomers lies with the presence, in repeat units, of the hydrogen atom on the tertiary 
carbon, which is close to the nitrile group (–CN). It is known that the strong electron-
withdrawing effect of the CN group renders this hydrogen atom more acidic and 
easier to oxidize in the presence of radicals generated from the fuel cell operation. 
Future works could also focus on fine-tuning the ATRP process, such as optimizing 
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the feed concentration, the types of catalyst complex (CuBr and bpy) and initiator, 
reaction temperature, reaction time and so on. The structure and composition of the 
diblock ionomer, in particular the type and the length of the constituent blocks, could 
also be varied and optimized. In this context, alcohol (e.g. ethanol, methanol) 
solvation of the alcohol-resistant hydrophobic block is a key consideration. A short 
hydrophobic length is undesirable because it leads to a smaller domain size which 
could not provide adequate mechanical strength for the membrane matrix especially 
under swelling conditions. Introducing hydrophilic covalent cross-links in the diblock 
ionomers via embedded cross-linkable moieties should be explored as it could 
simplify the ATRP operation, provides more uniform cross-linking that may lead to 
further improvements of PEM properties. 
 
 
Figure 7.1 Proposed design and synthesis method of cross-linked 
diblock aliphatic ionomer membrane for medium-temperature DAFCs 
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